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Preface 
Over the past few years, the three major reasons why novel energy technologies will be 
required in the very next years have become common sense: to mitigate climate change, to 
secure energy supply, and to foster economic competitiveness. Hydrogen and fuel cells have 
great potential to meet all three of these societal requirements.  
Being at the cutting edge of energy R&D, the government of North Rhine-Westphalia has 
been supporting hydrogen and fuel cell technologies substantially for many years through the 
Fuel Cell and Hydrogen Network NRW, by funding research projects, and not the least by 
hosting the 18th World Hydrogen Energy Conference 2010 in Essen. 
Although the 18th WHEC was overshadowed by the consequences of the subprime crisis and 
the subsequent economic downturn, the number of participants was a record high. More than 
1,350 people attended the scientific conference that offered 342 oral presentations in 
49 sessions and 183 posters. The technological dimension materialized in an extensive trade 
fair with 136 exhibitors and a notable share of one third of the presentations being given by 
industry representatives. Such figures prove that hydrogen and fuel cell technologies are 
timely and that industry, governments and academia recognize the potential they have of 
providing viable solutions to the Grand Challenges mentioned above. 
In order to ensure that the conference has a long-lasting impact, it was decided to fully 
document the event in publicly available books. The introductory talks to the sessions are 
available as full papers in the book entitled Hydrogen and Fuel Cells – Fundamentals, 
Technology and Applications, edited by D. Stolten and published by Wiley-VCH. These 
proceedings cover the speeches and technical presentations made on plenary day and the 
oral presentations and posters in the parallel sessions. They have been published as a set of 
seven books by the Juelich Research Center.  
We gratefully acknowledge the wide-ranging support we had when editing this volume. First 
of all, we would like to express our gratitude to the authors of the papers in the proceedings 
who made it possible to promptly publish the talks given in the parallel sessions. Moreover, 
we are grateful for copy-editing support from the PhD students at the Institute for Fuel Cells 
in Juelich: Christiane Döll, Ralf Elze, Stefan Hürter, Dennis Krieg, Mirko Kvesić, Fang Liu, 
Andreas Löhmer, Wiebke Maier, John McIntyre, Florian Scharf, Sebastian Schiebahn, Yong 
Wang and Christiane Wiethege. 
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Electrocatalysis and Catalyst Degradation Challenges in 
Proton Exchange Membrane Fuel Cells 
Hubert A. Gasteiger, Daniel R. Baker, Robert N. Carter, Wenbin Gu, Yuxin Liu, 
Frederick T. Wagner, and Paul T. Yu 
Abstract 
After a brief review of the kinetics of the cathodic oxygen reduction and the anodic hydrogen 
oxidation reaction, a fundamental membrane electrode assembly performance model is 
outlined, which demonstrates that a 4–10-fold reduced amount of platinum is required for 
commercially viable large-scale vehicle applications. The various catalyst technology 
roadmaps to achieve this goal are discussed. With the increasing number of prototype proton 
exchange membrane fuel cell (PEMFC)-powered vehicles, catalyst durability has also 
become a strong focus of academic and industrial R&D. Therefore, the key issues of 
platinum sintering/dissolution under dynamic vehicle operation and of carbon-support 
corrosion during PEMFC startup/shutdown are reviewed. 
 
 
Copyright 
Stolten, D. (Ed.): Hydrogen and Fuel Cells - Fundamentals, Technologies and Applications. 
Chapter 1. 2010. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
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On-line In-situ Diagnostics of Processes within PEM Fuel 
Cells by the Application of a Raman Fiber Technique 
Hans Bettermann, Peter Fischer, Institut für Physikalische Chemie, Heinrich-Heine-
Universität Düsseldorf, Düsseldorf, Germany 
1 Introduction 
In the recent years various physico-chemical methods have been considered to study fuel 
cells in operation [1]. These methods dominantly record global electric parameters. Apart 
global setups, segmented cells have been implied to monitor local parameters as for 
instance current densities or the distribution of temperatures. 
This contribution intends to show how processes within PEM fuel cells can be locally 
resolved by applying Raman spectroscopy. 
A striking advantage of Raman spectroscopy is its unpretentiousness concerning sample 
design and sample preparation. This enables measurements at hardly accessible locations. 
Furthermore, the Raman method is less interfered by water. Beside these two general 
conditions Raman spectroscopy belongs to the few methods that are able to analyze homo-
nuclear diatomic gases or mixtures of them quantitatively [2,3]. This later property 
predestines the application to the pursuance of processes in which hydrogen and oxygen are 
involved. In the past, Raman spectroscopy has been applied to investigate degradation 
processes of membrane materials [4] as well as to detect intermediates on SOFC cermet 
anodes [5, 6]. 
A common drawback in applying Raman spectroscopy is however the small size of Raman 
cross sections. This property in general yields only weak light scattering signals especially for 
measuring trace-like samples as for instance gases in small sample volumes. The lack can 
be surmounted by using strong light sources, units with high throughputs of light, well chosen 
optic imaging conditions, and very sensitive detectors. 
This contribution presents two experimental setups that make use of such components. The 
first setup that first demonstrates the feasibility of applying Raman spectroscopy for studying 
processes inside fuel cells combines a self-constructed Raman microscope with a suitable 
model fuel cell. The first concept of looking inside the fuel cell was then extended to an 
approach which allows the simultaneous detection of Raman spectra from seven points of a 
flow field canal. The issue of this experimental approach is to provide long-time 
measurements for pursuing local and global processes. 
2 Experimental 
The selected microscope objective let pass laser light (e.g., 458 nm, 100 mW) into the flow 
field and collects the generated Raman emission that is then dispersed by a spectrograph 
and detected by CCD-camera (cooled by liquid nitrogen, kept at -100 C°). A part of the 
experimental setup is shown in Fig. 1. The setup permits the record of hydrogen, oxygen, 
nitrogen, liquid water, as well as water vapor. 
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After proving the detectability of gases within the flow field by Raman spectroscopy, it was 
verified that the laser excitation does not interfere the fuel cell processes. Possible 
interferences are the local heating-up of flow field gases and the deterioration of the bipolar 
plate material by focused laser light. The polypropylene-graphite composite did not show any 
visual indication of damages after irradiation with intense laser light. 
 
Figure 1: Central part of the Raman microscope setup. 
A potential heating-up of gaseous samples can be directly proven by measuring the Raman 
signals of gaseous water quantitatively. The measurements showed that setting the laser 
power up to 1 W a temperature increase could not be identified. 
The first concept of looking inside the fuel cell was then extended to an approach that allows 
the simultaneous detection of Raman spectra from several points of a flow field canal (single 
serpentine). The setup permits the simultaneous record of gas flows, liquid water and water 
vapor and how those species do change locally during operation. This was realized by a 
multiple-fiber Raman spectrometer with seven twin fibers. Each excitation fiber directed the 
laser beam to a specified position of the flow field. The beam of a frequency-doubled thin 
disk Yb:YAG laser (515 nm, 14 W) was coupled into the excitation fibers (multimode-step-
index), respectively, focused by a micro lenses assembly and guided through small holes 
(1 mm) into the flow field canal. A second fiber attached to each excitation fiber collected the 
scattered light via the micro lenses and transmitted the Raman emission to the detection unit. 
The Raman light was again dispersed by a spectrograph and recorded by a CCD-camera. 
This setup permitted the record of spectra in a few minutes. 
The fuel cell was part of a test station that was designed and manufactured by the German 
Aerospace Center (DLR, Stuttgart, Germany). The test station comprises the control of the 
humidification, the temperature of the fuel cell and the humidifiers, gas flows and pressures 
on both the anode and cathode side. Two separate humidifiers externally humidified the 
gases. The fuel cell was operated in a constant voltage mode. Gas flows were set to the 
stoichiometric factor of 1.5 for a current density of 1 A cm-2. 
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3 Results and Discussion 
The first setup was used to study membrane damages by Raman microscopy. For this, an 
artificial hole was manufactured within the NafionTM membrane by aligning the laser focus 
onto the MEA surface for a short time. The following Raman spectra exhibited the passage of 
N2 and O2 from the cathode to the anode as well as the generation of water by a catalytic 
oxidation of H2 at the rim of the hole. A strong local increase of temperature next to the 
membrane hole was identified by measuring changes of the intensity distribution of rotational 
H2-Raman bands. 
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Figure 2: The water vapour signal at different temperatures, Q-branch of the totally 
symmetric OH stretch mode, centre of signal: 3652 cm-1; excitation wavelength: 
477 nm, laser power 1 W, exposure time: 10 min. 
Water vapor inside fuel cell canals is more difficult to measure than gases because at low 
temperatures the mole fraction of gaseous water amounts only few percent of the gas 
mixture. For this reason, measurements of water vapor at room temperature require stronger 
laser powers (> 1 W). The Raman signal of water vapour (Q-branch of the totally symmetric 
OH stretch vibration with highest signal intensity) at different temperatures is presented in 
Fig. 2. 
Detailed information concerning the local conditions of gases especially within the anode 
canal were achieved by the multi-fiber setup.  
The Raman measurements at each measuring point within the anodic flow field exhibited 
considerable time-dependent fluctuations of hydrogen density. The fluctuations of the H2 
concentrations are addressed to the changing flow conditions inside the flow field as a result 
of the humidification of the anode. A direct relation between fluctuations of hydrogen density 
and fluctuations of the cell power could be observed next to the entrance of the anode flow 
field. Cell power fluctuations occurred after longer operation times. At the end of the anode 
meander phase shifts between the fluctuations of the hydrogen signal and those of the power 
signal were observed as an additional result of humidification. Since droplets are moved by 
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the gas flow, the cross section of the canal is therefore altered locally and the H2 flow passes 
several bottlenecks. 
Heating the cell at 75 °C, Raman signals of water vapor were observed (Fig. 3). The spectra 
first revealed an increase of water vapor with increasing canal length. 
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Figure 3: Evolution of the absolute humidity (water vapour signal: 3652 cm-1) as a function of 
time at three different ports along the anode meander; cell temperature: 75 °C; 
lower track: port next to the entrance, central track: port close to the center of the 
canal, upper track: next to the exit of the canal. 
This could be directly seen from the average values of water vapor obtained from the 
selected measuring ports. Time-dependent fluctuations of water vapor did also occur. The 
local fluctuations of water vapor are obviously coupled to the local condensation of water in 
almost the same manner as it has been found for the changes of hydrogen concentration. 
The spectra also show that the time periods in which changes of water concentration take 
place become shorter with increasing canal length. Condensation occurs primarily at the end 
of the meander since the atmosphere of the canal enriches with water vapor. Condensation 
leads to a temporary contraction of the cross-sectional canal area or its complete blockage. 
Both obstructions may cause an increase of pressure just in front of the water droplets. 
The local Raman spectra were compared with local current density measurements and 
global impedance spectroscopy. Beside the collection of data for modelling fuel cell 
processes, the multiple-fiber setup is primarily considered to monitor degradation processes 
and pre-stages of membrane damages. This project is part of a close cooperation with the 
DLR (German aero space center, Stuttgart, Germany) and the ZBT (center for fuel cell 
technology, Duisburg, Germany). 
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Challenge of Non-precious Metal Oxide-Based Cathode for 
Polymer Electrolyte Fuel Cell 
Akimitsu Ishihara, Koichi Matsuzawa, Shigenori Mitsushima, Ken-ichiro Ota, 
Yokohama National University, Japan 
1 Introduction 
Polymer electrolyte fuel cells (PEFCs) are expected to be as power sources for residential 
cogeneration systems and transportation applications due to their high theoretical energy 
efficiency and less emission of pollutants. However, PEFCs have some serious problems to 
be solved for their commercialization. In particular, a large overpotential of the oxygen 
reduction reaction (ORR) must be reduced in order to obtain higher energy efficiency. A large 
amount of platinum is generally used as a cathode catalyst in present PEFCs to decrease 
the overpotential of the ORR. However, Pt is expensive and its resources are limited so that 
the Pt usage will be limited in the future commercialization of PEFCs. Many researches have 
been tried to reduce the use of Pt catalyst such as a greater dispersion of Pt particles and/or 
alloying with transition metals [1, 2]. However, because the dissolution and deposition of 
highly dispersion Pt particles proceeds during long-term operation [3], the drastic reduction of 
Pt usage would be difficult. Therefore, the development of a new non-platinum catalyst is 
strongly required. 
We have reported that tungsten carbide with tantalum addition [4], tantalum oxynitride [5-8], 
zirconium oxide [9, 10], titanium oxide [11], zirconium oxynitride [12, 13], chromium 
carbonitride [14] and tantalum carbonitride [15] were stable in an acid solution and had a 
definite catalytic activity for the ORR. 
In particular, we found that the partially oxidized TaC0.58N0.42 powder had a good catalytic 
activity for the ORR and the mixture with the carbon black was useful to increase the ORR 
current [16, 17]. However, the characterization of the specimens and the discussion of the 
correlation between the physical properties and the catalytic activity for the ORR had not 
been elucidated yet. 
In the present paper, the characterization of the specimens such as the measurement of the 
ionization potential was performed and the correlation between the physical properties of the 
specimens and the catalytic activity for the ORR was discussed. 
2 Experimental 
Tantalum carbonitride (TaCxNy) powder was used as a starting material. Ta2O5 powder and 
carbon black were uniformly mixed, and the mixture was heat-treated at 1600 °C under 
flowing N2 to make carbonitride. The composition of the TaCxNy was controlled by a quantity 
of the carbon black. In the present study, TaC0.58N0.42 powder was used as a starting 
material. 
The TaC0.58N0.42 powders were heat-treated at 1000 °C for a holding time from 3 to 32 h 
under a flow rate of 20 cm3 min-1 of the 2 % - H2/N2 gas containing 0.25 % oxygen to obtain 
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powder specimens with different oxidation state. Crystalline structure of the specimens was 
analyzed using X-ray diffraction (XRD-6000, SHIMADZU) with Cu Kα radiation. Ionization 
potential of partially oxidized TaC0.58N0.42 was measured using Photoelectron Spectrometer 
Surface analyzer Model AC-2 (Riken Keiki). 
Both TaC and TaN have a same crystalline structure (Rock-Salt type) and form a complete 
solid solution. The XRD pattern did not change from TaC (JCPDS: 35-0801) to TaN (JCPDS: 
32-1283), and an each peak shifts to higher angle with the increase in the nitrogen content, 
which known as Vegard’s law. In the present paper, the compounds with XRD peaks which 
existed between TaC and TaN were expressed as TaCxNy. The peak intensity of the Ta2O5 
increased with the increase in the holding time of the heat treatment, while the intensity of 
the TaCxNy decreased. 
In order to quantify the degree of oxidation of the TaC0.58N0.42, the peak intensity at 2θ = 35° 
of TaCxNy (1 0 0), which was expressed as I (TaCxNy), and the peak intensity at 2θ = 28.3° of 
Ta2O5 orthorhombic (1 11 0), which was expressed as I (Ta2O5), were utilized to calculate the 
ratio, I (Ta2O5)/{I (TaCxNy) + I (Ta2O5)}. The ratio, I (Ta2O5)/{I (TaCxNy) + I (Ta2O5)}, was 
designated the degree of the oxidation of the TaC0.58N0.42 and expressed as DOO (Degree Of 
Oxidation). 
A partially oxidized specimen was mixed with carbon black (7 wt.-%), Ketjen Black, and the 
mixed powder (2.8 mg cm-2) was dropped onto a glassy carbon rod (Φ = 5.2 mm). A 
0.5 wt.-% Nafion® solution, then, was dropped onto the surface to cover the mixed powder. 
All electrochemical experiments were conducted in a three-electrode cell under nitrogen or 
oxygen atmosphere in 0.1 mol dm-3 H2SO4 at 30 °C. A reference electrode was a reversible 
hydrogen electrode (RHE) in the same solution. Cyclic voltammetry (CV) (scan rate: 
50 mV s-1, 0.05 - 1.0 V) was performed under nitrogen atmosphere to investigate an 
electrochemical stability of the specimens. Slow scan voltammetry (SSV) (scan rate: 
5 mV s-1, 1.0 - 0.2 V) was performed under nitrogen or oxygen atmosphere to evaluate the 
catalytic activity for the ORR. A current difference between under O2 and under N2 might be 
due to the oxygen reduction. Therefore, the oxygen reduction current density (iORR) was 
defined as the difference in the current densities between under the O2 atmosphere (iO2) and 
the N2 atmosphere (iN2). The current density was based on the geometric surface area of the 
working electrode. An onset potential for the ORR, EORR, was defined as the electrode 
potential at the iORR = -0.2 μA cm-2 to evaluate the catalytic activity for the ORR. 
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3 Results and Discussion 
3.1 Degree of oxidation of TaC0.58N0.42 
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Figure 1: XRD patterns of the powder specimens with the different holding time of heat 
treatment. The holding time of the upper specimen was longer, and the lowest 
specimen was the starting material, TaC0.58N0.42. 
Figure 1 shows the XRD patterns of the powder specimens with the different degree of 
oxidation (DOO). The DOO of the specimen with no heat treatment was zero, that is, 
TaC0.58N0.42. Although the surface of the TaC0.58N0.42 was probably oxidized, no peaks of the 
Ta2O5 were observed because the surface oxide layer was very thin. The DOO of the 
specimen with completely oxidized was unity, that is, Ta2O5. However, this completely 
oxidized powder was not prepared using the heat treatment in the present paper because of 
the low oxygen concentration. Therefore, a commercial reagent, Ta2O5 (Kojundo Kagaku), 
was used as the powder with DOO of unity. 
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3.2 Dependence of the degree of oxidation of TaC0.58N0.42 on the catalytic activity for 
the ORR 
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Figure 2: Relationship between the DOO and the EORR. EORR was defined as the electrode 
potential at the iORR = -0.2 μA cm-2. 0.1 mol dm-3 H2SO4, 30°C, scan rate = 5 mV s-1. 
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Figure 3: Relationship between the square root of the photoelectric quantum yield Y1/2 and 
the photon energy. 
Figure 2 shows the relationship between the DOO and the EORR. The EORR abruptly increased 
with the increasing DOO up to 0.2. Then, the EORR had high value over 0.85 V above the 
DOO of 0.3. The maximum of the EORR is approximately 0.9 V. The starting material 
(DOO = 0) and the completely oxidized material (DOO = 1) had a poor catalytic activity. This 
result indicated that an appropriate oxidation of TaC0.58N0.42 was essential to obtain the large 
oxygen reduction current. 
3.3 Ionization potential of the partially oxidized TaC0.58N0.42 
The ionization potential of the specimens was measured using Photoelectron Spectrometer 
Surface analyzer to discuss the electronic structure of the specimens. Figure 3 shows the 
relationship between the square root of the photoelectric quantum yield Y1/2 and the photon 
energy, that is, the photoelectron spectra of the partially oxidized TaC0.58N0.42 with the DOO 
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of 0.42. A linear relation was obtained in the range from 5.2 to 6.2 eV. The intersection 
between the straight line and the background line provided a threshold energy. The threshold 
energy corresponded to a photoelectric ionization potential. The ionization potential of the 
partially oxidized TaC0.58N0.42 with the DOO of 0.42 was estimated to be 5.10 eV as shown in 
Figure 3. The highest energy level of electrons in the valence band of Ta2O5 is 
-7.83 ~ -7.93 eV [18], that is, the ionization potential of Ta2O5 is 7.83 ~ 7.93 eV. However, the 
ionization potential of the partially oxidized TaC0.58N0.42 with the DOO of 0.42 was 2.7 eV 
lower than that of Ta2O5. The work function of metal Ta was 4.25 eV [19]. For titanium, 
Henrich et al. investigated the relationship between the work function, that is, the ionization 
potential, of reduced TiO2 (1 1 0) and the density of defect states on the surface [20]. They 
found that the work function decreased with increasing the density of defects. The similar 
behavior is expected to occur in case of the partially oxidized TaC0.58N0.42. Ta2O5 had the 
band gap of 3.9 eV [18]. Lattice defects and impurities introduce localized electron levels in 
the band gap of metal oxides. Vacancies of oxide ion give donor levels close to the edge 
level of the conduction band [21]. The conduction band edge level of Ta2O5 is 
-3.93 ~ -4.03 eV [18]. These values are close to the ionization potential of partially oxidized 
TaC0.58N0.42 with the DOO of 0.42. Therefore, the partially oxidized TaC0.58N0.42 with the DOO 
of 0.42 probably had some vacancies of oxide ion. 
Figure 4 shows the relationship between the DOO and the ionization potential. The ionization 
potential of the TaC0.58N0.42 was 4.8 eV, and the completely oxidized, commercial Ta2O5 had 
5.4 eV. The ionization potential of the partially oxidized TaC0.58N0.42 powder had almost the 
same value, 5.2 eV. The ionization potential of pure TaON and Ta3N5 were 6.6 and 6.0 eV, 
respectively [18]. The ionization potentials obtained in the present study were much lower 
than those of TaON and Ta3N5. This low ionization potential suggested that the partially 
oxidized TaC0.58N0.42 had some surface defects. Lattice defects and impurities introduce 
localized electron levels in the band gap of metal oxides. Vacancies of oxide ion give donor 
levels close to the edge level of the conduction band. We expected that the partially oxidized 
TaC0.58N0.42 probably had some vacancies of oxide ion. 
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Figure 4: Relationship between the DOO and the ionization potential. 
Proceedings WHEC2010 15
E O
R
R
/ V
 v
s.
 R
H
E
0.5
0.6
0.7
0.8
0.9
1.0
4.6 4.8 5.0 5.2 5.4 5.6
Ionization potential / eV
DOO=0
Ta2O5
0.30～0.97
0.05
0.04
E O
R
R
/ V
 v
s.
 R
H
E
E O
R
R
/ V
 v
s.
 R
H
E
Figure 5: Relationship between the ionization potential and the onset potential of the ORR. 
Figure 5 shows the relationship between the ionization potential and the EORR. The volcano 
plot was obtained. The adsorption of oxygen molecules on the surface was required as the 
first step to proceed the ORR. Many researches revealed that the presence of surface 
defects sites was required to adsorb the oxygen molecules on the surface of the oxides such 
as TiO2 (1 1 0), ZnO, NiO (1 0 0), CexZr(1-x)O2, V2O5, and MoO3 [22-27]. The increase in the 
surface defects on the partially oxidized TaC0.58N0.42 yielded the increase in the adsorption 
sites of oxygen molecules. In addition, the interaction of oxygen with the catalyst surface is 
essentially important because both the adsorption of oxygen and the desorption of water on 
the surface is necessary to continue the fluent progress of the ORR. When the interaction of 
oxygen with the catalyst surface is strong, the desorption of water is restrained. On the other 
hand, when the interaction of oxygen with the catalyst surface is weak, few adsorption of 
oxygen molecules proceeds. There might be a most suitable strength of the interaction 
between the oxygen and the catalyst surface. Metallic Ta atom strongly adsorbed oxygen 
because of the large adsorption energy of oxygen (887 kJ mol-1) and calculated bond energy 
of Ta-oxygen atoms (715 kJ mol-1) [28]. In case of Pt, the adsorption energy of oxygen and 
the calculated bond energy of Pt-oxygen atoms were 280 kJ mol-1 and 397 kJ mol-1, 
respectively [28]. These values of Ta were much larger than those of Pt. As the oxidation of 
Ta metal proceeded, the interaction of oxygen with Ta of the catalyst surface became weak 
because the oxide ions attracted the electrons of the highest occupied molecule orbital of Ta 
to be Ta charged positively. Because the ionization potential was related to the strength 
between the surface of the specimen and oxygen, the volcano plot shown in Figure 5 
suggested that there was a suitable interaction between the surface of the specimen and 
oxygen. Therefore, the oxidization could control the strength of the interaction between the 
oxygen and the Ta, and as the interaction became suitable the catalytic activity for the ORR 
increased. 
4 Conclusions 
The partially oxidized TaC0.58N0.42 was investigated as non-platinum cathode for PEFC. In 
order to quantify the degree of oxidation, the DOO was defined using the XRD peaks of 
Ta-CN and Ta2O5. The onset potential for the ORR had high value, that is, 0.9 V vs. RHE, at 
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higher oxidation state of the TaC0.58N0.42. We found that the partial oxidation of TaC0.58N0.42 
was greatly useful to enhance the catalytic activity for the ORR. The volcano plot of the 
ionization potential vs. the EORR suggested that there was a suitable interaction between the 
surface of the partially oxidized TaC0.58N0.42 and oxygen. 
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Relationship between Degradation of Pt/C and Property of 
Electrolyte for PEFCs 
Shigenori Mitsushima, Kazuki Shinkoda, Fumiya Hiraoka, Koichi Matsuzawa, 
Ken-ichiro Ota, Yokohama National University(YNU), Japan 
1 Introduction 
Polymer electrolyte fuel cells (PEFCs) have started commercialization for small size co-
generation systems and fuel cell vehicles because of the high power density, capability of 
start up from ambient temperature and high energy conversion efficiency. In the present 
technology, platinum electrocatalyst is essential. However toward real commercialization, 
precious metal loading should be reduced by one tenth or more because of the limit of 
natural resources. To reduce precious metal loading with high catalytic activity, higher 
dispersion technology, alloying and core shell technology have been developed [1-3]. These 
materials were also required high stability during the system lifetime. 
Generally, nano-particle is unstable compared to larger particles, and rated load enhances 
the degradation of electrocatalyst. There are many reports for the degradation of 
electrocatalyst for PEFCs. For example, the decrease of electrochemical surface area under 
potential cycling with small size single cells or three – electrode conventional electrochemical 
cells, platinum consumption under potential cycling, and dissolution of platinum in acidic 
medium have been reported. The Ostwald ripening and the sintering model have been 
proposed as degradation mechanism. However, the degradation mechanism has not been 
clarified, yet [1, 2, 4-6]. 
In this study, the electrochemical surface area decrease with various pH electrolytes under 
various potential patterns has been investigated as a fundamental study to clarify the 
degradation mechanism and improvement of the durability for PEFCs. 
2 Experimental 
Pt/C (Tanaka K. K., TEC10E50E) water dispersion was painted on a glassy carbon disk 
(Tokai carbon, GC-20SS) which was polished to mirror surface. Reference and counter 
electrodes were reversible hydrogen electrode (RHE) and platinum wire, respectively. 
Electrolyte was in the concentration range from 0.1 to 1 M (=mol dm-3) of sulfuric acid 
(Junsei, Analysis grade) or percholoric acid (Merck, Ultrapur). The potential cycle was 
applied between 0 to 1.2 V vs. RHE. As shown in Fig. 1, 4 types of potential cycling patterns 
which were triangle waves with 50 mV s-1 of sweep rate, rectangular waves with 12 s interval, 
and the combinations of potential step and sweep were applied for 5000-cycle in nitrogen or 
oxygen atmosphere. The electrochemical surface area was frequently determined by 
hydrogen desorption wave of the cyclic voltammogram between 0.05 to 1.2 V vs. RHE during 
potential cycling under nitrogen atmosphere. After potential cycling, the Pt/C was observed 
by TEM. The particle diameter was determined from a projection area of a particle to the 
diameter of a circle. The number of the particle was more than 300. 
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Figure 1: Potential cycling patterns. 
3 Results and Discussion 
During potential cycling, the shapes of cyclic voltammograms showed normal poly-crystal 
with small peaks of carbon black support for quinone / hydroquinone, and hydrogen 
adsorption / desorption and surface oxidation / reduction peaks decreased with potential 
cycling for all potential patterns. Therefore, the platinum surface did not change to a specific 
face, and electrochemical surface area was determined by hydrogen desorption charge with 
210 μC cm-2. 
Figure 2 shows the TEM images Pt/C before and after 5000 triangular potential cycles in 
various concentration of H2SO4 at 25oC. The platinum particle of the initial Pt/C was uniform 
diameter, and the particle grew during potential cycling. The particle seems lager diameter 
and distribute for higher concentration. Figure 3 shows the platinum particle diameter 
distribution in various concentration of H2SO4 under nitrogen atmosphere. The particle size 
distribution was log-normal distribution, and the medium diameters were 2.4, 4.7, 4.7, and 
5.6 nm before and after potential cycling in 0.1, 0.5, and 1M, respectively. 
Figure 4 shows the medium diameter of platinum particle as a function of pH. The diameter 
decreased with the increase of pH for all conditions. Figure 4 a) is for triangular pattern in 
H2SO4 and HClO4 under N2 or O2. The difference between N2 and O2 atmosphere was not 
significant. The particle diameter in H2SO4 was larger than that in HClO4 at the same pH, and 
this behaviour was same to the dissolution of Pt in acidic media. Therefore, acidity and 
solubility would be one of important factor in particle growth process. Figure 4 b) is for 
rectangular and triangular potential cycling pattern in H2SO4 under N2. The particle diameter 
of rectangular was ca. 20 % larger than that of triangular, therefore dissolution kinetics would 
be taken into account for the analysis of the particle growth. 
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Figure 2: TEM images of Pt/C before and 
after 5000 triangular potential 
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Figure 3: Platinum particle diameter 
distributions before and after 5000 
triangular potential cycles in 
various concentration of H2SO4 at 
25°C. 
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Figure 4: Medium platinum particle diameter as a function of pH after 5000 potential cycles. 
Figure 5 shows the logarithm of normalized electrochemical surface area as a function of the 
cycling number with the triangular potential pattern in H2SO4 under nitrogen atmosphere. The 
decreases of the surface area were significantly larger for higher concentration of sulfuric 
acid. Up to 2000 cycles, the surface area decreased with linear relation in this figure, and 
after 2000 cycles, the surface area decrease rate decreased, especially lower concentration. 
This behaviour was the same to all other conditions in this study. Here, we analyzed up to 
2000th cycle. 
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Figure 5: Electrochemical surface area as a function of potential cycling number with 
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Figure 6: Rate constant of the electrochemical surface area decrease as a function of pH. 
If the electrochemical surface area decrease rate is proportional to the electrochemical 
surface area: S, the following equation is obtained. 
δS/δn = - k S (1) 
The n and k were the cycling number and the rate constant of the surface area decrease, 
respectively. The rate constants were determined by the slope of Figure 5. Figure 6 shows 
the rate constant as a function of pH. The rate constants decreased with the increase of pH, 
which were expected from the particle diameter. Figure 6 a) is the rate for triangular pattern 
in H2SO4 and HClO4 under N2 or O2. The difference between N2 and O2 was not significant, 
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and the rate constant in H2SO4 was larger than that in HClO4, which would correspond to the 
particle growth. Figure 6 b) is the rate for various potential cycling pattern in H2SO4 under N2. 
In the 4 potential cycling patterns, the combination with the sweep oxidation and the step 
reduction showed the smallest rate constant in all pH. The combination with the step 
oxidation and the sweep reduction showed the largest rate constant in lower pH region. The 
dependence of the rate of the triangular pattern on pH was larger than others. Therefore, the 
kinetics of the simultaneously reactions of oxidation and reduction would affect to these 
behaviours. 
The dissolution reaction follows the acidic dissolution in acid solution under oxidizing 
atmosphere [5]. 
PtO2 + H2O + H+ = Pt(OH)3+ (2) 
However, the rate determining reaction under potential cycling would not same to the 
equilibrium. At least, there are 2 kinds of dissolution reactions which are anodic and cathodic 
processes [4]. Here, we consider the simplest simultaneously reactions of dissolution and 
protection during anodic and cathodic processes. The reactions and the reaction rate 
equation might be as follows: 
(Anodic) 
Pt → Pt4+ + 4e- vad = kad[Pt4+]-1exp [{4F(Ε−Εο3)}/(RT)] (3) 
Pt + 2H2O→ PtO2 + 4H+ + 4e- vo = kod[H+]-4exp[{4F(Ε−Εο4)}/(RT)] (4) 
(Cathodic) 
PtO2 + 4H+ + 2e- → Pt2+ + 2H2O vcd = kcd[H+]4[Pt2+]-1exp[{4F(Ε−Εο5)}/(RT)] (5) 
PtO2 + 4H+ + 4e- → Pt + 2H2O vr = kr[H+]4exp[{4F(Ε−Εο6)}/(RT)] (6) 
Here, v, E, and Eoi were the reaction rate, the potential, and the equilibrium potential for each 
reaction, respectively.  The dissolution reactions are equations (3) and (5), and the protection 
reactions are equations (4) and (6). The protection reaction rates would be lower than that of 
dissolution reaction, because the protection reactions were more complex than the 
dissolution reactions. At that time, the step oxidation would enhance the dissolution, because 
the dissolution amount before the oxidation layer formation would be larger than that of 
sweep oxidation, and the sweep reduction would enhance the dissolution, because the oxide 
which was the reactant of the dissolution would be maintained longer time than step 
reduction during reduction process. 
Proceedings WHEC2010 23
4 Conclusion 
In order to clarify degradation mechanism of Pt/C, the electrochemical surface area under 
potential cycling has been investigated in various conditions. The electrochemical surface 
area decrease seems to be proportional to the surface area up to 2000 potential cycles, and 
the rate constant of electrochemical surface area decrease increased with the decrease of 
pH. The rate constant in H2SO4 was larger than that in HClO4. These behaviours were same 
to the solubility of platinum bulk metal in acidic medium. The rate constant was affected by 
potential cycling pattern. The rate constant of the combination of sweep oxidation and step 
reduction was smaller than that of rectangular, triangular, and the combination of step 
oxidation and sweep reduction. These behaviours could be explained by the kinetics of 
simultaneously reactions of anodic dissolution and oxide formation, and cathodic dissolution 
and surface reduction. 
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PEMFC Cathode Catalyst Degradation: Model Study on the 
Stability and ORR Performance of Pt/C and PtCo/C 
Electrocatalysts 
L.C. Colmenares, Z. Jusys, R.J. Behm, Institute of Surface Chemistry and 
Catalysis, Ulm University, Germany 
M. Lennartz, Umicore – Heterogeneous Catalysts 
Alloying of platinum with other transition metals such as Co can improve the oxygen 
reduction reaction (ORR) activity compared to pure Pt [1-6]. However, the alloyed Pt-based 
bimetallic catalysts suffer from leaching of non-noble component resulting in changes in the 
surface composition and a corresponding variation of the ORR performance [7-10]. 
Therefore, the long-term stability of carbon supported Pt-based cathode catalysts used in 
polymer electrolyte membrane fuel cells (PEMFCs) for automotive applications is one of 
most important subjects to be overcome for the commercialization of PEMFCs. Although a 
fuel cell performance loss is unavoidable, the degradation rate could be minimized based on 
a better understanding of the underlying mechanisms under relevant operating conditions. 
The cathode catalyst is exposed to strongly corrosive conditions, which include acidic 
environment, high O2 concentration, elevated temperatures and high potentials [11,12]. 
Under these conditions, the catalyst may loose activity due to a decay of the electrochemical 
active surface area. This may be caused by a number of different processes such as 
sintering or migration of the nanoparticles on the carbon support, dissolution of Pt, and 
corrosion of the carbon support, besides the leaching of the non-noble metal [12]. Depending 
on the application, the requirements for the fuel cell lifetime vary significantly, ranging from 
5000 h for cars to 20000 h for buses and 40000 h of continuous operation in stationary 
applications [12]. Although the lifetime targets for automobiles are much lower, the cathode 
catalyst should operate under extremely harsh conditions, such as dynamic cycling under 
multiple start-up/shut-down cycles [12-15]. 
Pt-based catalyst – Dissolution of the non-noble metal at cathode operation conditions 
The stability of bimetallic Pt electrocatalysts, alloyed with non-noble metal such as Co, is an 
important issue, which affects the long-term performance of the catalyst. In particular, 
cathode catalysts which are operating at high potentials where Co leaching could appear. 
Therefore, the stability of the carbon-supported Pt3Co (from TKK) catalyst at potentials 
relevant to cathode operation (E > 0.5 VRHE) was studied and compared with that of a Pt/C 
catalyst (20 wt. % from E-Tek) as reference. For the evaluation of the potential dependence 
of the Co dissolution, the potential was cycled (10 cycles at 10 mV s-1) in the supporting 
electrolyte (0.5 M H2SO4) from 0.06 up to 0.5, 0.85 and 1.16 VRHE, respectively. 
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Figure 1: Faradaic (a) and mass spectrometric (b) currents during pre-adsorbed COad 
monolayer strippings on Pt3Co/C catalyst in 0.5 M H2SO4 electrolyte after potential 
cycling with increasing the upper limit. RT; Pt loading: 70 µg cm-2, Potential scan 
rate 10 mV s-1, electrolyte flow rate 20 µl s-1. 
After each upper potential increment, the active Pt surface area was characterized by pre-
adsorbed COad monolayer oxidation (COad stripping), using a Differential Electrochemical 
Mass Spectrometry (DEMS) set-up, following simultaneously both the Faradaic current and 
the mass spectrometric current of CO2 formation (m/z = 44) [16,17]. Subsequently, a 
potential cycle was recorded on the CO-free electrode for comparison. The results clearly 
showed that the active Pt surface area on the Pt3Co/C catalyst increases when the upper 
potential is increased to E > 0.5 VRHE (Fig. 1), which can be attributed to the partial 
dissolution of the non-noble metal from the catalyst surface at high potentials (relevant to 
cathode operation), resulting in a Pt enrichment with time. In contrast, the active Pt surface 
on the Pt/C catalyst remained constant after two consecutives COad strippings. 
Cathode catalyst stability – Accelerated Degradation Test 
The resulting change in surface composition, which is especially important for bimetallic 
catalysts containing a non-noble component, was probed in the ORR activity/selectivity after 
potential cycling at high scan rate (accelerated degradation test, ADT). 
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Accelerated degradation testing, as a catalyst aging method for model studies in an 
electrochemical half-cell, is an attractive alternative for reducing time and costs of the 
experiment due to the increase in sample throughput, and provides a basis for understanding 
the origin and mechanism of the fuel cell performance losses. In contrast to real PEMFCs 
degradation tests, which require prolonged testing periods, ADT tests are relatively fast. In 
addition, PEMFCs degradation tests are often affected by experimental problems related to 
catalyst utilization, water management and undefined mass transport conditions. 
Catalyst stability and ORR performance as a function of catalyst loading and 
degradation 
In the present study, we have tested the influence of the Pt-loading (70 and 10 µgPt per 
geometric surface area) on the relative loss of the active Pt surface area (SPt) and the ORR 
activity/selectivity. These issues were investigated on Pt (50 wt. %), heat-treated Pt 
(50 wt. %) and Pt3Co carbon supported catalysts. All catalysts were supplied by Umicore AG 
(Germany). Simulating a dynamic cycling process, the loss of the SPt (determined by 
integration of the H-adsorption current after double-layer correction) and the ORR 
characteristics were investigated by Rotating Ring Disk Electrode (RRDE) measurements. 
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Figure 2: Relative loss of the active Pt surface area as a function of (i) catalyst and (ii) the 
number of cycles at high potentials (0.5 ↔ 1.1 VRHE). Pt loading: 70 µg cm-2. 
ADT treatment consisted of cycling the electrode potential between 0.5 and 1.1 VRHE at 
55 °C. After a certain number of cycles, SPt and the corresponding ORR performance were 
determined. The mean particle size and particle size distribution for each catalyst were 
determined before and after the ADT measurements of each specific number of cycles by 
Transmission Electron Microscopy (TEM) measurements performed at the Institute of 
Material Science, Technische Universität Darmstadt. 
The loss of electrochemical surface area is proportional to the amount of catalyst deposited 
(or catalyst film thickness), thus the lower the Pt content the higher is the relative loss and 
vice versa (data not shown). For different catalyst film thicknesses (i.e., Pt loading), the 
Pt3Co/C sample always showed less surface area loss than the Pt/C samples. Figure 2 
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shows the relative SPt loss for the three catalysts investigated with a Pt loading of 
70 µgPt cm-2. 
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Figure 3: Active Pt surface area normalized ORR kinetic currents at 0.85 VRHE as a function of 
the catalyst after accelerated degradation test (E cycling: 0.5 ↔ 1.1 VRHE). Potential 
scan rate: 5 mV s-1. Pt loading: 70 µgPt cm-2. Temperature: 55 °C. Rotation rate: 
1600 rpm. 
At high Pt loading, the active Pt surface area normalized ORR kinetic currents showed that 
the decrease of the SPt causes negligible changes in the inherent ORR activity (Fig. 3) and 
selectivity for all tested catalysts. For the low loading Pt catalyst, the Pt particle growth 
(migration / coalescence; dissolution / agglomeration) results in a significant loss of the 
electrochemical surface area, accompanied by a reduction of the inherent ORR activity (data 
not shown) and a significant increases of the hydrogen peroxide production (Fig. 4). 
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Figure 4: Hydrogen peroxide yields as a function of the applied potential on 50 wt. % Pt/C 
(a); heat-treated 50 wt. % Pt/C (b) and 40 wt. % Pt in PtCo/C (c) catalysts, after 
accelerated degradation test. Pt loading: 10 µg per cm2. Temperature: 55 °C. 
Rotation rate: 1600 rpm. Potential scan rate: 5 mV s-1. 
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Here, the long-term degradation of the catalysts layer induces an inhomogeneous Pt 
distribution. We suggest that this agglomeration increases the H2O2 production due to a 
lower probability of its further reduction to water over Pt-free areas even at potentials 
relevant for fuel cell cathode operation. The Pt3Co/C catalyst did not show any significant 
changes in the H2O2 yield at these potentials, although the active surface area decreases 
considerably as well. Overall, the bimetallic Pt3Co/C catalyst showed a better long-term 
stability and less change in the ORR performance than the Pt/C catalysts. 
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Abstract 
PEM fuel cell operates under very aggressive conditions in both anode and cathode. Failure 
modes and mechanism in PEM fuel cells include those related to thermal, chemical or 
mechanical issues that may constrain stability, power and lifetime. In this work, the case of 
fuel starvation is examined. The anode potential may rise to levels compatible with the 
oxidization of water. If water is not available, oxidation of the carbon support will accelerate 
catalyst sintering. Diagnostics methods used for in-situ and ex-situ analysis of PEM fuel cells 
are selected in order to better categorize irreversible changes of the cell. Electrochemical 
Impedance Spectroscopy (EIS) is found instrumental in the identification of fuel cell flooding 
conditions and membrane dehydration associated to mass transport limitations / reactant 
starvation and protonic conductivity decrease, respectively. Furthermore, it indicates that 
water electrolysis might happen at the anode. Cross sections of the membrane catalyst and 
gas diffusion layers examined by scanning electron microscopy indicate electrode thickness 
reduction as a result of reactions taking place during hydrogen starvation. Catalyst particles 
are found to migrate outwards and located on carbon backings. Membrane degradation in 
fuel cell environment is analyzed in terms of the mechanism for fluoride release which is 
considered an early predictor of membrane degradation. 
1 Introduction 
The mechanisms of fuel cell degradation are characterised by irreversible changes in the 
kinetic and transport properties of the cell and presently are not well understood [1-5]. PEM 
fuel cell operates under very aggressive conditions in both anode and cathode, typically at 
pH < 1 and with significant levels of water in vapour and liquid phase at temperatures 
between 60 and 80 °C. Anode catalysts are exposed to a strong reducing H2 atmosphere 
whilst the cathode is under strongly oxidizing conditions (high O2 concentrations and 
potentials > 0.6 V vs. SHE. Corrosion of both Pt/C catalysts components (catalytic metal and 
support material) becomes an issue in PEM fuel cells. 
Fuel starvation, inadequate fuel supply at the anode, affects the MEA in an irreversible way. 
Hydrogen is no longer available in sufficient amounts so that the demanded current can be 
maintained, in this way the anode potential will increase to levels where water electrolysis is 
possible at the anode (E025ºC = + 1.23 V vs. SHE). 
Anode: 2 H2O → O2 + 4 H+ + 4 e- (1) 
                                                
* Corresponding author, email: carmen.rangel@lneg.pt 
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Cathode: O2 + 4 H+ + 4 e- → 2 H2O  (2) 
For even higher potentials, the carbon in the anode catalyst (Pt/C) will be oxidized in the 
presence of platinum. Electrochemical oxidation of the carbon is thermodynamically possible 
above 0.2 V vs. SHE according to reaction (3) providing a supply of protons to support 
current demand [6]. 
C + 2 H2O → CO2 + 4 H+ + 4 e- 0.207 V vs. SHE (3) 
Oxidation of carbon to carbon monoxide (4) is thermodynamically not favoured according to 
reaction (5): 
C + H2O → CO + 2 H+ + 2 e- 0.518 V vs. SHE (4) 
CO + H2O → CO2 + 2 H+ + 2 e- -0.103 V vs. SHE (5) 
The reaction affects not only the carbon present in the catalyst but also other carbon 
components such as the backing layers and eventually the flow field plates [7], leading to a 
reduction of the carbon content in the catalyst layer with time. As carbon is corroded away, 
noble metal nanoparticles will be lost from the catalyst layer and migrate to the polymer 
electrolyte interface or aggregated into larger particles. 
In this work, failure modes and mechanism of the membrane-electrode-assembly (MEA) in 
low power PEM fuel cells are studied stressing the issues that may constrain stability, power 
and lifetime. Diagnostics methods and tools used include in-situ and ex-situ analysis in order 
to better categorize irreversible changes in the kinetic and/or transport properties of the cell 
after fuel cell ageing in extreme testing conditions will be discussed. 
2 Experimental 
Electrochemical techniques were used in combination with structural and chemical analysis 
to correlate the performance of the cell with the material properties of the various 
components and their ageing. Polarization curves were conducted, using a purpose built 
PEM test station, on a low power PEM fuel cell that uses own designed flow field plates 
integrated in a series configuration, and a cathode that allows feeding with air, cooling and 
water removal (a low power consumption air fan in the edge of the cathode manifolds was 
used providing an excess air stoichiometry condition). Hydrogen was supplied at a pressure 
of 0.2 bar. Electrochemical impedance spectra were ran using H2/O2 (air) gas feeding. A 
Frequency Response Analyser (model 1250, Solartron) connected to an Electrochemical 
Interface (model 1286, Solartron) was used to obtain impedance spectra covering a suitable 
range of frequencies for fuel cell processes. 
Post mortem analysis of materials and components degradation, required to enhance 
understanding of these processes, was undertaken. After cell dismantling, cross sections of 
MEA samples were observed for morphological and elemental analysis using a Phillips 
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Scanning Electron Microscope, Model XL 30 FEG, coupled to EDS allowing elemental 
mapping. 
Tests were conducted on 8, 16 and 25 cell stacks. The stack uses an open cathode and 
own-designed bipolar graphite plates. A low-power consumption air fan in the edge of the 
cathode manifolds was used, for combined high stoichiometric oxidant supply and stack 
cooling purposes. After fuel cell ageing in extreme testing conditions by applying a series of 
pre-defined load cycles, the stack was dismantled and MEAs were analysed. Load duty 
cycles included open circuit, constant current and full polarization curves in a step by step 
fashion. 
3 Results 
8 cell PEM stack 
Polarization curves of the fuel cell before and after 1500 h of operation revealed that the 
maximum power that may be demanded from the fuel cell was reduced in 34%. The 
polarization curve obtained after cell activation exhibited maximum current densities over 
1000 mAcm-2. Data were obtained at 500 mbar H2 relative pressure, room temperature with 
the air flow rate of 7.56 Lmin-1 in a range of currents which varied from nearly zero (near the 
open circuit potential) to 3 A. The degradation in performance after 1500 h of operation was 
evident in the activation, ohmic and mass transfer regions of the polarization curve. 
The stack degradation analysis comprises observation of catalytic surface layers and MEA 
cross sections. In the eight cell stack, cells were numbered from 1 to 8 starting from the cell 
located at hydrogen entry. Surface area seems to be lost with cycling; this was particularly 
evident for C8. 
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Figure 1: Typical Pt cluster on anodic catalytic layer of C8, as observed by SEM and 
respective. 
Platinum clusterization, which is evident in Figure 1a), was also found. EDS analysis was 
performed on clustered areas, which were shown to be platinum rich. The results obtained 
on the Pt cluster and its surroundings are presented in figure 1b). A spectra of an area where 
clusters were not observed is included for comparison. Other degradation features were 
found upon analysis of the low power PEM fuel cell stack examined in this work after 1500 h 
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of operation: chemical contamination (Si from piping and sealing gaskets) and debris GDL, 
electrode thickness variations, cracking and delamination, Pt and F migration; all of which 
contribute to gradual decrease of output voltage of the stack influencing performance and 
durability. 
16 cell PEM stack  
When increasing the number of cells in the stack by 2 regarding the previous situation, 
polarity reversal was observed in the last cell. While on fixed load, the cell potential values 
were individually measured showing a dependency on cell position in the stack. Lower 
values are reported for the farthest cells from hydrogen entry. The potentials values vary 
from 0.653 V down to 0.492 V, Figure 2a), with the lowest values associated to cells 15 and 
16. With continuous operation using a reduced hydrogen flow, an inversion of polarity was 
observed in the 16th cell of the stack, evident in the potential vs. time plot in Figure 2b), as a 
result of insufficient hydrogen to reach the last cells. When the incursion into the negative 
potential values is not to accentuated the phenomenon is partially reversible. Once the 
phenomenon was made irreversible, the cell was dismantled in order to observe the 
degradation of the MEA under SEM. The cells images revealed the presence of 
morphological defects associated to fuel starvation. 
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Figure 2: Cell potential versus time for a 15 W fuel cell stack of 16 cells. Data are referred to 
one hour operation, with measurements every 15 minutes (a); Cell polarity reversal 
in cell 16th was observed( b); Potential distribution after the full flux of hydrogen 
was replenished (c). The SEM observations of cross sections were accompanied 
by EDS mapping for Pt, S and F, corresponding to the 16th cell. The images show 
delamination at the anode and a striking difference of thickness when compared to 
the cathode catalyst layer (C), see Figure 3. 
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Figure 3: SEM image of cross section of the 16th MEA of the stack showing delamination and 
elemental mapping for Pt; A = anode, C = cathode and M = membrane (b). 
Impedance data, not shown here, were instrumental in identifying membrane resistance 
increases and transport limitations in affected cells. 
25 cell PEM stack 
Figure 4 shows that the thickness of the anodic layer of a 25 cell stack is dramatically 
reduced due to polarity reversal, for the last cells of the stack while the cathode´s is 
maintained. 
C
M
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C
Figure 4: SEM cross section view of the 23rd MEA of a 25 cell stack. Reduction of thickness 
at anode. 
4 Final Remarks 
The reduced flow of hydrogen in the fuel stack caused the reversal of polarity of the cells with 
consequent deterioration of the properties of the stack. Last cells were always affected. 
Morphological aspects reveal deterioration of peripheral cells with emergence of 
delamination and varying the thickness of the catalyst layers anodic and cathodic. 
Furthermore, carbon corrosion and fluoride depletion in the membrane are suggested. 
Pt 
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Origin of Diffusion Impedance at the Cathode of a Proton 
Exchange Membrane Fuel Cell 
J. Mainka, G. Maranzana, J. Dillet, S. Didierjean, O. Lottin, LEMTA, Nancy 
University – CNRS, Nancy, France 
Applied to Proton Exchange Membrane Fuel Cell (PEMFC), Electrochemical Impedance 
Spectroscopy (EIS) allows mainly the identification of the origin of potential losses. However, 
it can also be used to investigate the electrical properties of the fuel cell components, 
materials and interfaces, as well as the dependence of their performance on the operating 
conditions. As far as the diffusion impedance is concerned, one of the most common 
expressions is that of the finite Warburg element. It is based on simple assumptions: Fick’s 
diffusion of oxygen, surface reaction, and a constant concentration at the gas channel 
boundary of the diffusion medium. However, as shown experimentally by Schneider et al. 
[1, 2], the consumption of oxygen along the air channel has a significant influence on the 
impedance values. Therefore, in order to improve the description of mass transfer, a 
decreasing oxygen concentration profile along the gas channel can be used as an alternative 
boundary condition, which leads to a slightly modified expression of the diffusion impedance. 
Then, starting from experimental spectra, it is possible to identify the impedances appearing 
in the fuel cell equivalent circuit and consequently, the mass transfer parameters at the 
cathode (effective diffusion coefficient and equivalent thickness). The values obtained with 
the usual expression of the Warburg impedance and with that taking account oxygen 
depletion can be significantly different [3]. 
1 Electrode Description 
The Membrane-Electrode Assemblies (MEA) of PEMFC are complex composite systems 
made of various media with different physical properties. Thus, a well-adapted geometrical 
description of their structure is necessary to complete the physico-chemical description of 
mass transfer and reaction kinetics, all the more so since the limiting layer(s) in term of 
oxygen diffusion has (have) not been clearly identified yet. There exist different structural 
models of the electrodes in the literature, like agglomerate models [4-6] where the solid 
phase is a homogeneous mixture of catalyst (Pt), carbon powder and (possibly) polymer 
electrolyte forming either cylindrical [7-8] or spherical [9-13] particles. Actually, two 
descriptions of the solid phase coexist in the literature. In the first case, the agglomerate 
consists in a mixture of carbon, Pt and electrolyte [4, 7]. The second case corresponds to the 
description first proposed by Springer [5] and Raistrick [6] where the agglomerate is a 
mixture of carbon powder and catalyst particles only whereas the electrolyte is assumed to 
cover the surface of the pores. The catalytic sites are at the interface between the electrolyte 
and the agglomerates, which corresponds to a surface description of the active layer. Before 
accessing the active layer, oxygen passes successively through the GDL, through the pores 
of the electrode, and finally through the thin electrolyte layer coating the carbon and platinum 
agglomerate. This description is chosen for the interpretation of the impedance spectra. 
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Since the cathode is the place of water production, the ionic resistance of the well-hydrated 
polymer can be neglected. The other main hypotheses of the one-dimensional mass transfer 
model are: the fuel cell is isotherm and isobar, ohmic drops in the active layer and in the GDL 
are neglected, mass transfer of O2 and H2O is assumed to occur only by diffusion in the 
pores of the active layer and the GDL, water diffusion through the solid phase of the active 
layer is not considered. 
 
 
Figure 1: Schematic representation of the pseudo-2D diffusion model. Oxygen 
concentration variation occurs in the channel between y = 0 and y = L. Oxygen 
diffusion is considered only in the x-direction, perpendicularly to the electrode 
surface. The electrode surface is given by L × d. 
In order to take into account the variation in oxygen concentration along the gas channel in 
the pseudo-2D model (Figure 1), three more hypotheses are made: mass transfer resistance 
in the gas channel is neglected, time variations of the oxygen concentration in the channel 
are neglected, the Tafel slope b is constant between the inlet and the outlet of the air 
channel. 
The faradaic current density jf(y) and the oxygen concentration cO2(x,y) vary as functions of 
the y coordinate (Figure 1). J is the cell average current density: 
( )= = ∫
0
1 L
f
IJ j y dy
Ld L
 
For convenience, we consider the absolute value of the activation overpotential and the 
faradaic current density at the cathode: ( ) η >, 0f actj y . ϕ 2O  and ϕ 2H O  denote the fluxes in the y 
direction (in the air channel, in Mol/s) while 
2H O
N  and 
2O
N  denote the flux densities in the x 
direction (in the gas diffusion layer, in Mol/s/m²). The molar fluxes of oxygen ϕ
2O
 and water 
ϕ
2H O
 in the channel depend also on their y-position. Thus, the molar flux of oxygen ( )ϕ
2O
y  
corresponds to that at the inlet of the gas channel minus the amount consumed at the 
cathode: 
( )
( )
ϕ ϕ= −
∫
0
2 02 4
y
f
in
O
d j y dy
y
F
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Mass transfer along the x direction is assumed to occur only by diffusion, which means that 
the global molar flux density in x direction +
2 2H O O
N N  has to be null (Figure 1). This is a 
particular case that happens when only half of the water produced at the cathode is 
evacuated toward the air channel ( ( )=
2
/ 4H O fN j y F ), which compensates for the oxygen flux 
2O
N  in the opposite direction1. The other half of water produced by the fuel cell as well as the 
molecules flowing from anode to cathode under the effect of the electro-osmotic drag must 
diffuse through the membrane under the effect of a concentration gradient. The water flux 
along the gas channel ϕ
2H O
 (in the y direction) is a function of y, given by: 
( )
( )
ϕ ϕ= +
∫
0
20 20 4
y
f
in
H H
d j y dy
y
F
 
The oxygen molar ratio along the GDL/gas channel interface ( )δ=x  is given by: 
( ) ( )δ
−
= =
+
∫
0
02
0
02 02
02
,
1
y
fd j dy
S
Ic x y c
S H
 
Where ϕ= 0202 4
in
S
I F
 is the oxygen stoichiometric ratio, ϕ
ϕ ϕ
=
+
20
02 2
in
H
in
N
H  is the absolute inlet humidity 
and =0 2 5O
Pc
RT
 is the inlet concentration of oxygen in dry air. 
Strictly speaking, mass transport of oxygen through the pores of the diffusion media in a 
PEMFC is described by Stefan-Maxwell equations. However, since the binary diffusion 
coefficients of O2/H2O and O2/N2 are close to each other, it seems reasonable to use Fick’s 
1st law. Assuming that the electrochemical reaction takes place only at the active 
layer/membrane interface (x = 0), the 1st Fick’s law can be written: 
( )
=
∂
= −
∂
2
2
0
O
O eff
x
y
cN y D
x
 
The diffusion media being porous, it is necessary to use an effective diffusion coefficient effD  
taking into account their porosity ε and possibly, the presence of Knudsen diffusion. The 
most common expressions obey Archie’s law [14]: ε= meffD D , where m is an exponent varying 
between 1.5 and 4. In the case of a 3D medium, there is a wide consensus for using m = 3/2, 
which corresponds to the differential effective medium approximation introduced by 
                                                
1 Note that the question of the validity of the Warburg diffusion impedance in PEM fuel cells does not 
seem to have been fully addressed yet considering that these operating conditions are not common: 
the water net drag coefficient can differ significantly from 0.5. 
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Bruggeman [14-15]. m = 3/2 is probably appropriate for the active layers, in which the 
orientation of the solid phase does not follow a privileged direction. In the gas diffusion layers 
however, the solid phase can be considered as two-dimensional since the carbon fibres are 
mainly parallel to the electrodes. In this case, the result of the differential effective medium 
theory is m = 2 [15]. Knudsen diffusion must be considered in the active layers only, using for 
instance the Bosanquet formula = +1 1 1K
molD D D
, with 
π
=
1 8
3
K
i pore
i
RTD d
M
. 
Adding a small sinusoidal perturbation Δjf (y,t) to the mean (DC) current density ( )f tj y  
makes the oxygen concentration ( )2 , ,Oc x y t  fluctuating around its steady-state value 
( )δ=02 , tc x y  with the same frequency. Solving the diffusion equations with the right boundary 
conditions allows to express the diffusion impedance as a function of y: 
( ) ( )τ
τ
=
2
2 2
tanh
cO
dD D
d
d
iw
Z y R
iw
 with δ=
=
2
024 ( 0, )
D
d
eff t
bR
FD c x y
 and δτ =
2
d
effD
. 
The expression of the pseudo-2D diffusion impedance is close to that of the finite Warburg 
element. It can be used in the usual Randles equivalent circuit [16] of a whole fuel cell 
(Figure 2). 
 
 
Figure 2: MEA equivalent electrical circuit according to Randles [16]. 
2 Experimental Setup 
The measurements are carried out with a single cell where the current collection is 
segmented on the cathode side thanks to a set of 18 gold plated brass strips spaced at 
intervals of 1 mm (Figure 3). This design makes it possible to perform locally resolved 
impedance spectroscopy. The current collectors are embedded in a PMMA plate and they 
delimit a serpentine air channel (of section 0.7 x 1.0 mm2) on the cathode side of the cell. 
The hydrogen channel is symmetric to the air channel. The GDL is a 190 µm thick carbon 
fibre paper (Toray™ TGP-H-060) with a no-compressed porosity ε = 0.78. The MEA (of 
active area A = 7.87 cm2) consists of a PFSA polymer membrane of thickness δm = 30 μm 
and catalytic layers (δcat ≈ 10 µm) with an average Pt loading of 0.406 mg cm-2 at the anode 
and 0.385 mg cm-2 at the cathode. The fuel cell is fed in co and counter-flow (at 1 atm) by dry 
hydrogen with a stoichiometric ratio SH2 = 1.2 and by humidified air with a stoichiometric ratio 
Sair = 3. The air is humidified up to about 74 % RH. All impedance measurements are 
performed in galvanostatic mode in a frequency range of 0.4 Hz to 200 Hz with a peak-to-
peak sinusoidal perturbation of 5 % of the cell current intensity. Global and local impedance 
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measurements are performed using a passive electronic circuit where each of the 18 brass 
strips is connected to a 10 mΩ shunt resistance. 
 
 
Figure 3: Instrumented cell. 
3 Experimental Results 
All the results presented below were obtained in identical conditions with a current density 
fixed to 0.5 Acm-2. Figure 4 shows the local impedance spectra obtained for a gas supply in 
co-flow (left) and counter-flow (right). The air inlet corresponds to the first segment. In both 
cases, a second low frequency loop appears progressively along the air channel. This could 
lead to the conclusion that mass transfer in the GDL or in the active layer becomes limiting 
but a more detailed analysis carried out after identification of the impedance parameters is 
necessary. Figure 5 shows the profiles of the diffusion impedance parameters ( 2DdR , dτ ) 
identified starting from the Randles equivalent circuit (Figure 2). 
 
Figure 4: Local impedance spectra in co-flow (left) and counter-flow (right). 
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 Figure 5: Profiles of the characteristic diffusion time τd  and the diffusion resistance 2DdR . 
The diffusion time τd  (Figure 5, left) increases progressively along the air channel in co-flow 
and counter-flow modes. At the air inlet, τd  is slightly larger in counter-flow than in co-flow, 
whereas at the channel outlet, the opposite is observed. This difference could be interpreted 
in term of water content, the air channel inlet being less humidified in co-flow whereas the 
amount of water is more important near the outlet. The comparison of the profiles of the 
diffusion resistance 2DdR  (Figure 5, right) leads to the similar conclusion but the highest value 
observed near the air channel inlet in co-flow remains more difficult to explain: one possible 
interpretation could be that dry conditions reduce oxygen diffusion in the thin electrolyte layer 
that covers the active sites. However, these tentative conclusions require confirmation. 
The values of the diffusion length δ , the effective diffusivity effD , and the porosity ε  can be 
derived from 2DdR  and τd . Their profiles are plotted in Figure 6. 
 
Figure 6: Profiles of the diffusion thickness δ  and the effective diffusivity effD  along the air 
channel. 
The diffusion length δ  (Figure 6, left) increases continuously along the air channel on co-flow 
and counter-flow modes but with lower values in the first case. This does not allow any 
conclusion about the local water content. δ ranges from 77 µm to 593 µm, which is far above 
the typical thickness of catalyst layers (≈ 10 µm). This suggests that at the limiting media for 
mass transfer is rather the GDL ( 190GDL µmδ = ) but there could be many reasons for the 
increase in δ along the air channel: 2D diffusion in the GDL below the current collectors, or 
mass transfer resistance or propagation of the oscillations of oxygen concentration in the 
channel [1, 2]. As far as the profile of the effective diffusion coefficient is concerned 
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(Figure 6, right), the increase observed along the air channel seems to be in contradiction 
with a possible accumulation of liquid water in the pores of the gas diffusion or active layer. 
However, this increase could also be explained by phenomena occurring upstream in the 
channel. The numerical values of effD  suggest that if the limiting media were the GDL only or 
the active layer only, their effective porosity (accounting for the presence of liquid water) 
would be comprised between 0.2 and 0.6, and 0.2 and 0.35, respectively. Once again, these 
values do not allow to discriminate between the contribution of the gas diffusion layer and of 
the active layer to the impedance diffusion. However, the diffusion does not seem to take 
place in liquid phase, which would yield diffusivities of about 11 2 110effD m s− −≈ . 
4 Conclusion 
EIS is frequently used to investigate the origin of the mass transfer impedance in cathode 
gas diffusion and active layers. However, the expression of a finite Warburg element used for 
analysing impedance spectra is obtained assuming that the oxygen concentration at the gas 
channel/gas diffusion layer interface is constant. This hypothesis is much constraining when 
the gas stoichiometry is low, and it could lead to wrong estimates of mass transfer 
parameters characterising the diffusion media. An alternative to this expression is proposed: 
considering gas consumption along the gas channel, which allows furthermore to investigate 
variations in local impedance spectra and in the diffusion kinetics along the air channel. In 
this paper, we presented some preliminary results identified from local impedance spectra. 
They show that oxygen transfer takes place in gaseous phase but they do not allow to 
discriminate between the contribution of the gas diffusion layer and of the active layer to the 
impedance diffusion. Furthermore, high values of the diffusion thickness were observed (up 
to about 3 times the actual GDL thickness). This could be explained either by gas diffusion 
below the channel rib or by oscillations of the oxygen concentration upstream in the air 
channel. 
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Investigating the Impact of Liquid Water in a PEFC by 
Electrochemical Impedance Spectroscopy  
Dietmar Gerteisen, Robert Alink, Fraunhofer Institute for Solar Energy Systems, 
Germany 
1 Introduction 
One challenge of a PEFC system is to avoid dehydration of the polymer membrane to ensure 
a proper protonic conductivity which forces the operating temperature to be below 100°C. 
This temperature limit dictates the operation of the fuel cell in the range where water also 
exists in liquid phase. Liquid water in the gas diffusion media and electrode causes mass 
transport limitations of the reactants, especially at high current densities. Thus, water 
accumulation has to be avoided. It is reported from many research groups that a micro 
porous layer (MPL), that is a layer of carbon particles impregnated with PTFE attached to the 
GDL, improves fuel cell performance [1,2]. The role of the MPL with regard to water transport 
is discussed contrary in the literature. 
Several explanations are given for the measured performance enhancement. For example, 
Pasaogullari et al. [3] indicated that the MPL enhances the rate of water removal from the 
catalyst layer (CL) to the cathode gas diffusion layer (GDL), whereas other explanations 
base on measurements that reveal an increased back diffusion rate of water towards the 
anode side caused by a water barrier effect of the cathode MPL. Lower electrical contact and 
thermal resistance is also reported when using a MPL which strongly influences the 
temperature distribution within the cell and thus also the water management. To get a clearer 
picture of the MPL influence on water balance, further systematically experimental as well 
modelling work is required to reveal the mechanism by which the presence of the MPL 
affects PEM fuel cell performance. Since steady-state polarization measurements are 
strongly limited in their informative value concerning loss mechanisms, electrochemical 
impedance spectroscopy (EIS) is a powerful tool that may have the ability to give a closer 
look into the limiting transport processes. 
The aim of this work is to provide a better understanding of the improvement of the mass 
transport related to the MPL presence. Therefore, a theoretical impedance spectroscopy 
analysis is conducted. ESEM imaging is used to investigate the wetting properties and liquid 
water transport of and through the porous media respectively. 
2 Modelling Work 
The impact and transport of liquid water in the porous media such as GDL, MPL and CL, its 
coupling with the protonic conductivity of the membrane via the ionomer water content and 
the kinetics, combined with phase transition is simulated with a 1D dynamic multi-phase 
agglomerate model. The model assumptions base mainly on a cathode model published in 
[4], whereas the presented new model is extended by the anode side. A schematic diagram 
is given in Figure 1. 
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Figure 1: Schematic diagram of the model domains. The arrows depict the domains where 
the solving variables are defined. 
A coupled PDE system describes the interaction of seven solving variables, namely 
dissolved water, vapour, liquid water, protonic and electronic potential, oxygen and hydrogen 
concentration. Besides the model parameterization, the interface conditions between the 
model domains (GDL, MPL, CL, Mem) are the critical input values and thus need specific 
attention. Regarding the MPL impact it is assumed, that liquid water can penetrate the MPL 
pores only in case of a certain defined CL saturation. Additionally, the shadowing effect of 
relatively large droplets at the interface of the coarse GDL structure to the fine micro porous 
structure of the CL is reduced with a MPL, implemented as a sophisticated functional 
dependency between oxygen flux und pore saturation. 
Figure 2 shows a comparison of two polarization curves simulated with and without MPL at 
the same operating conditions. The results show an improved cell performance in the high 
current density range where liquid water is present in case of using a MPL. The liquid water 
flux towards the cathode GDL is blocked by the MPL as long as the saturation in the CL 
remains low. This leads to an increased back diffusion to the anode side (see Fig.2 top right). 
When a defined saturation is reached, water penetrates into the MPL, flows towards the 
cathode GDL and finally out of the cell. 
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Figure 2: The simulated polarization curve using a MPL shows a higher limiting current 
density value which can be attributed to a higher water flux toward the anode. 
Modifying the boundary condition of the electronic potential by superimposing a small 
sinusoidal signal ( )sin( tVAC ⋅⋅ ω ) with frequency ω  and amplitude ACV  to the steady-state 
voltage SSV , the impedance )(ωZ  can be calculated by the Fourier transform of the 
excitation signal V(t) and response signal i(t) followed by complex division 
)(
)()(
ω
ω
ω
i
VZ = . 
 
Figure 3: Simulated impedance spectra at 0.8 V and 0.6 V. 
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Figure 3 shows simulated impedance spectra. At high cell voltage (0.8 V) the spectra are 
nearly the same. Since no water is present in that operating state, the MPL acts as an 
additionally oxygen diffusion barrier which can be seen in a small enlarged impedance 
spectra. At 0.6 V liquid water is present in the porous media. The improved water 
management by the MPL leads to a smaller impedance arc in the Nyquist plot. 
3 ESEM imaging 
ESEM imaging is used to analyze the water transport properties of the porous media. By 
means of condensation experiments the wetting properties such as contact angle and 
immobile saturation are investigated. Figure 4 shows two identical GDLs from SGL (Sigracet 
BC 24) lying side by side, one with the MPL-side (left) and one with the GDL-side (right) 
facing the top. The strong hydrophobic nature of the MPL is clearly visible whereas the GDL 
side shows areas of contact angle in the range of 90° and below (film formation). 
Figure 4: Water droplets on GDL fibers (left) and on MPL surface (right) are shown. 
Gerteisen et al. [5] reported a performance enhancement by perforating the GDL. The 
observations are explained by the positive effect of artificial water transport channels, 
‘sucking’ liquid water from their surrounding and finally reducing the overall saturation. This 
model assumption is now proven by ESEM imaging (see Figure 5), where droplets appear on 
the side walls of the hole and the water reaches the surface within the hole first. 
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Figure 5: ESEM imaging of water build up in the artificial water transport channel. 
4 Conclusion 
A new developed multi-phase PEFC model is used to investigate the impact of a micro 
porous layer on the water management. By means of this model we are able to simulate 
impedance spectra which help to understand more clearly the water transport mechanism. 
ESEM imaging is used to analyze the wetting properties of the porous structures and to 
validate the model assumptions of an improved liquid water transport by providing artificial 
water transport channels in the GDL [5]. 
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Internal Currents in PEMFC during Start-up or Shut-down 
G. Maranzana, O. Lottin, C. Moyne, J. Dillet, A. Lamibrac, J. Mainka, 
S. Didierjean, LEMTA, Nancy University – CNRS, Nancy, France 
Although several working conditions are known to be damaging to Proton Exchange 
Membrane Fuel cells (PEMFC), their degradation mechanisms are not fully understood 
yet [1]. For instance, supplying the fuel cell with dry gases can induce a fast degradation of 
the electrodes [2] but on the other hand, long-time or repeated storage without purging liquid 
water from the gas channels accelerates the fuel cell aging. Potential cycling [3] or operation 
under open-circuit conditions [4] are also to be avoided. This paper reports about an 
experimental and numerical study of the internal currents that occur during fuel cell start-up 
under open-circuit conditions. Shut-down/start-up cycling results in performance degradation 
according to Tang et al., Shen et al. and Kim et al. [5-7]. During start-up, hydrogen pushes 
oxygen, air, or possibly nitrogen that was introduced for purging water toward the outlet so 
that for a short time depending on various parameters like the flow rate and the channels 
geometry, a fraction of the anode compartment is filled with hydrogen while the other part is 
still occupied by the gas initially present. A potential appears at the inlet of the anode but not 
at the outlet, which generates internal currents under open-circuit conditions. Although these 
internal currents are scarcely studied, they were modelled by some authors [8-10] and they 
can be measured using segmented cells [11, 12]. According to Meyer and Darling [9] internal 
currents can be at the origin of fuel cell performance decay by creating abnormally high 
potentials at the cathode, causing carbon corrosion. Starting from experimental data 
measured thanks to a segmented cell, Siroma et al. [11] suggested that the double layer 
capacitance could play a major role in the origin of reverse currents and high potentials. 
1 Experimental Setup 
A segmented fuel cell was designed with the objective to reduce as much as possible the 
high frequency resistance associated with the current collection in order to obtain a good 
assessment of the magnitude of the internal currents (figure 1). Air and hydrogen flow 
through five 30 cm parallel straight channels of 0.7×1 mm² in section. On the anode side, the 
channels are machined in an aluminum plate that is then gold plated. The cathode plate is in 
polycarbonate (transparent but non conductive) and the channel ribs are made of 15 mm 
long, 1 mm thick gold plated brass strips. They are inserted only between two adjacent 
channels so that 4×20 = 80 strips were necessary for the five channels. Each strip is 
electrically isolated from the preceding and following ones (along the x axis in figure 1) 
thanks to a small 2.3×1 mm², 80 µm thick Kapton sheet. The main technical difficulty was to 
obtain a flat contact surface in order to make the contact resistance between the channel ribs 
and the backing layer as much uniform as possible. This was done by surfacing the channel 
ribs once they were embedded in the polycarbonate plate. They were then gold plated in a 
second step. The MEA (Jonhson-Matthey) consists of a 30 μm thick Nafion 212 membrane 
and of catalytic layers with an average Pt loading of 0.4 mg cm-2 at the anode and cathode. 
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The active area is A = 30 cm2. The GDL is a 190 μm thick carbon fibre paper (Toray TGP-H-
060). The MEA is not segmented. For these experiments, the four adjacent strips are 
electrically connected outside the cell, which is equivalent to averaging the current intensity 
along the y direction. Thus, twenty wires (one per segment) drive the current towards twenty 
5 mΩ shunt resistors, which voltage drops allow an indirect measurement of the current 
intensity. Then, all segments are set to the same potential, as shown in the sketch of 
figure 2. The total resistance between the channel ribs and the point where the twenty 
segments are connected is about 12 mΩ. The resistance between two consecutive brass 
strips being of 175 mΩ, it is reasonable to assume that most of the current produced in a 
segment actually flows through the corresponding connecting wire instead of the GDL 
thickness according the plane direction. Numerical data (local current intensities and voltage) 
are recorded at a frequency of 200 Hz and with a 16 bit resolution thanks to a National 
Instrument SCXI multiplexer. 
 
 
Figure 1: View of the dismantled segmented cell and zoom on the segmented channel ribs. 
 
 
Figure 2: Scheme of the electrical connections. 
2 Experimental Results 
Several start-up experiments were performed with different values of the hydrogen flow rate, 
the anode compartment being initially filled with air or nitrogen. Nitrogen was used to study 
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the effect of a purge after shut-down. The fuel cell was at ambient temperature (22 °C) and 
air and hydrogen were humidified until saturation using bubblers (also at ambient 
temperature). The occurrence of internal currents can be seen in figure 3 with the 
simultaneous rise of the open circuit potential as functions of time. The hydrogen flow was 
set to 3 cms-1 and 1 ms-1, which correspond to theoretical values of the current density in 
steady state of 0.03 Acm-2 and 1 Acm-2 (with a stoichiometry of 1). The air flow was set to 
5 ms-1, which corresponds to a steady state current density of 1 Acm-2 with a stoichiometry 
of 2. 
The sum of the currents flowing through the twenty segments being null at open circuit, the 
current that is produced by the first segment is necessarily distributed between the others. 
Thus, when hydrogen reaches the inlet of the cell the electrical current produced by the first 
segment flows toward the 19 others so that reverse currents (by reference to the normal fuel 
cell operation) can be measured. The current produced by the first segment reaches a 
maximum and then decreases while the hydrogen front is moving forward. Similar current 
profiles are observed in the other segments but with a lower intensity. Once the hydrogen 
front has reached the anode outlet, the cell voltage is close to the open circuit voltage and 
the internal currents have almost entirely disappeared. Their intensity increases with the 
incoming hydrogen velocity until about 1 ms-1; then, it remains constant whatever the 
hydrogen velocity, probably because of some imperfections in the experimental setup 
affecting the time constant of the hydrogen flow. With this fuel cell and in the range of 
operating conditions we have tested, it can reach a maximum of 1 Acm-2 for positive currents 
and 0.25 Acm-2 for negative currents. 
 
Figure 3: Internal currents and open circuit potential as function of time for two different 
hydrogen inlet flows and for anode initially filled with air or nitrogen. 
The phenomena observed when the gas initially present in the anode compartment is 
nitrogen or air differ in two points. First, for the lower hydrogen flow rates, the intensity of 
internal currents is more important with air. The difference is here of the order of 0.2 Acm-2, 
which cannot be explained by carbon oxidation at the cathode as described in [8-10]: current 
densities corresponding to carbon oxidation must be of a few mAcm-2 [9] only. A more 
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probable explanation is that the direct oxidation of some hydrogen and oxygen on platinum at 
the anode improves the hydration of the MEA and raises the local temperature which in turn 
increases the intensity of internal currents. For the higher hydrogen flow rates, the intensity 
of internal currents is identical whatever gas is in the anode compartment. This convergence 
of the magnitude of the internal currents with the hydrogen velocity could be explained either 
by the imperfections of the experimental setup or by a less significant effect of the MEA 
hydration mentioned above. The other main difference between air and nitrogen lies in the 
peak of current density, which happens earlier with nitrogen. Globally, the fuel cell voltage 
rises also faster with nitrogen. This effect is most probably also linked with the direct 
oxidation of hydrogen in the presence of oxygen, which slows down the velocity of the 
hydrogen front in the anode compartment. 
3 Modelling 
The model presented in the following demonstrates that the occurrence of internal currents 
can be explained mostly by capacitive effects. Carbon oxidation and other redox 
mechanisms are considered only via a leakage resistance: redox potentials other than the 
oxidation of hydrogen are neglected. In order to focus on the main phenomena, the gas 
initially present in the anode compartment is nitrogen. The case of oxygen is not considered. 
For the sake of simplicity, the electrical behaviour of the cell is partially linearized. The basic 
building block of the model is a generic equivalent circuit of the electrodes which is assumed 
to be valid whatever the direction of the electrical current (figure 4). The electrodes are 
represented by a double layer capacitance Cdl in parallel with a charge transfer resistance Rtc 
and a leakage resistance R∞  that accounts for the oxidation of carbon and/or other possible 
redox phenomena. It is assumed that the value of Rtc becomes infinite for negative currents 
(from anode to cathode) because the voltage maximum value reached during start-up does 
not allow the electrolysis of water. Moreover, the leakage resistance R∞  is neglected when a 
faradic current exists (Qa,c>0): it becomes also infinite. In figure 4, the diodes in series with 
Rtc and R∞  control their values as functions of the direction of the electrical current. The 
resistance of the electrolyte and the various contact resistances are accounted for through a 
single high frequency resistance Rhf in series with the anode and the cathode (figure 5). 
The electrodes as represented in figure 4 operate following three modes: 
 Without hydrogen in the anode compartment, the direction of the electrical current is 
negative. It flows through the leakage resistance R∞  and through the capacitances 
Cdlc and Cdla which charge progressively (Qc, Qa < 0) as the electrical current 
decreases (in absolute value). 
 When hydrogen comes in the anode compartment a voltage E0 appears between the 
electrodes and adds to the voltage across to the two partially charged capacitances. 
The electric current ik becomes positive and the double layer capacitances Cdlc and 
Cdla discharge. 
 When the charge of the capacitances becomes null (i.e. when the fuel cell voltage is 
equal to E0 or lower) the electrical current ik becomes a faradic current and it flows 
through the charge transfer resistances Rtc and Rta. 
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The channel is discretized into n segments (figure 5) from the inlet (n°1) to the outlet (n°n). 
The geometry of the channel and the velocity of hydrogen define a convection time tck at 
which the kth segment is occupied by hydrogen only whereas only nitrogen is present at 
t < tck. Air is assumed to be always present in enough quantity in the cathode compartment. 
The global equivalent electrical circuit of the fuel cell leads to a system of 3n+1 ordinary 
differential equations with 3n+1 unknowns. The unknowns are the potential difference 
between cathode and anode U, the current intensity 1
k
k nI ≤ ≤  through the n segments, the 
charge of the n cathode capacitances 1
k
c k nQ ≤ ≤  and the charge of the n anode capacitances 
1
k
a k nQ ≤ ≤ . 
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Where Ek stands for the open circuit voltage (in steady state). Ek = 0 V if k > i and Ek = E0 if 
k ≤ i. Replacing Ik by its expression (the second equation) in the first and third equations and 
considering that U is constant in all the segments makes it possible to reduce the dimension 
of the system to 2n : 
( ) ( )d t t
dt
= +Q M Q S
                    
( )1 1 tn nc c a aQ Q Q Q= L LQ
 
Where the remaining unknowns are the charges of the capacitances. M is a 2n×2n square 
matrix that is time dependent. The source term S is also time dependent. This system can be 
easily solved by a Runge-Kutta method but an iterative loop must be used to adjust the 
location of the hydrogen front by subtracting the consumed quantity - derived from the faradic 
current - from the total quantity of hydrogen injected. Actually, except in the case of very low 
hydrogen flowrates, the velocity of the front remains almost constant due to the very low 
hydrogen consumption. Note that the number of segments used for the simulations (n = 200) 
is much higher than the number of segments in the experimental cell: the numerical results 
presented below are averaged over 10 consecutive segments. In order to avoid numerical 
instabilities, it was found convenient to increase linearly Ek with time in the kth segment when 
tck < t < tck+1. 
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Figure 4: Electrical model of a MEA segment. 
 
 
Figure 5: Global equivalent electrical circuit of the fuel cell at time t (t < tci+1). The charge 
transfer resistance Rtc at the anode is not represented in the absence of hydrogen 
because it has no physical meaning. 
4 Numerical Results 
Figure 6 presents the evolution with time of the internal currents and of the fuel cell voltage 
as determined by the model with the values of the parameters stated above. The hydrogen 
flow rate was adjusted so that the inlet velocity corresponds to the experimental values in 
figure 3 (3 cms-1 and 1 ms-1). The experimental (figure 3) and numerical results (figure 6) are 
close to each other, at least in qualitative terms. Of course, using constant values for the 
double layer capacitances, the charge transfer resistances and the leakage resistance is a 
strong assumption but the model shows that the dominant phenomena are probably linked 
with the double layer capacitances. Carbon oxidation should occur simultaneously but its 
contribution to the internal currents is by all appearances negligible. 
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One can also notice that the model predicts a transient voltage rise over the steady state 
open circuit voltage (E0 = 1 V). This voltage rise can be observed experimentally shortly after 
fuel cell start up: according to these numerical results, it can be explained only by 2D and 
capacitive effects. However, other phenomena, like hydrogen crossover through the 
membrane, can show similar effects. 
5 Conclusion 
Experiments show that the internal currents that occur during PEMFC start-up can reach up 
to 1 Acm-2. This is far more important than the expected order of magnitude of the current 
densities associated with carbon oxidation, which is only of a few mAcm-2. The predominant 
phenomenon that explains the internal currents is the charge and discharge of the double 
layer capacitances. A simple model with constant values of the electric parameters yields 
numerical results close to the experimental ones. It also explains the transient voltage rise 
(over the steady state open circuit voltage) that is sometimes observed experimentally 
shortly after the fuel cell start up. 
 
Figure 6: Numerical results obtained with E0 = 1 V, Rm = 0.4 Ωcm2, Cdla = Cdlc = 0.02 Fcm-2, 
R∞=1 Ωcm2, Rtc =0.2 Ωcm2 and Rta = 0.05 Ωcm2. 
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AQUIVION™ – The Short-Side-Chain and Low-EW PFSA for 
Next Generation PEFCs Expands Production and Utilization 
Matthias Gebert, Solvay Solexis, Italy 
The new Aquivion™ (formerly “Hyflon Ion”) ionomer product portfolio of Solvay Solexis is 
introduced. Both membrane and dispersion grades are presented with some of their 
properties illustrated by analytical results. In addition to the innovative functional ionomer 
materials Solvay Solexis also provides a variety of other selected functional materials to the 
emerging commercial MEA market including inert Galden® heat-transfer fluids, advanced 
Tecnoflon® high-temperature fluoroelastomers for sealings, aqueous Algoflon® PTFE dis-
persions or tailored film materials for use as membrane sub-gaskets (membrane rims) which 
are manufactured to order at small or large scale and are customized in terms of polymer 
choice, film thickness and geometry. 
 
  
Figure 1: Key data on Solvay Solexis S.p.A. with headquarters in Milan/ Italy. 
Figure 1 displays key information of Solvay Solexis, Italian fluoromaterial specialty company 
and affiliate of the Belgian Solvay Group that emerged from Solvay’s acquisition of Ausimont 
S.p.A. in 2003. Solvay Solexis manufactures on three continents to provide a broad portfolio 
of fluoromaterials to a variety of industries and applications that demand the superior per-
formance of fluoromaterials. 
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AQUIVION™ – Progress within PFSA ionomers 
Solvay Solexis focuses on the incorporation of a short-side-chain ionomer in their membrane 
and dispersion products. Shortening the length of the polymer’s side chains results in 
increased mechanical stability of the polymer; confirmed by stress-strain tests or DSC 
scans [1]. Such Differential Scanning Calorimetry reveals an increased level of crystallinity 
for shorter pendant group chains when comparing equal equivalents weight (EW) or ion-
exchange capacity (IEC), respectively. 
AQUIVION™ – What makes the difference 
Shifting physical properties of the PFSA material in the right direction can lead to the 
desirable progress in PEFC optimization. The repeated requests for “high-temperature mem-
branes” that would enable smaller cooling systems, reduced gas humidification and less 
active area are answered by Aquivion™ through… 
 its higher thermal stability thanks to a roughly 40 °C higher softening temperature TG 
compared to longer side chains, 
 its capability to more strongly absorb and retain cathode product water inside the 
membrane for self-humidification, and 
 its cutting-edge proton conductivity and water mobility levels, especially when 
operating PEFCs with gases at low relative humidity. 
Exploiting the advantages of the short-side-chain structure and reducing the Equivalent 
Weight to a satisfactory level are the key choices that provide significant performance 
improvement of the fuel-cell device. 
 
 
Figure 2: Lower system size and cost via benefits of advanced AQUIVION™ properties. 
AQUIVION™ – Exemplified membrane properties 
The following three figures describe test results that indicate the physical advantages of 
Aquivion™ with regard to a high-temperature operation at low reactant pre-humidification. 
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One exhibits proton conductivity curves of the E79-03S grade at ambient temperature as well 
as 95 and 120 °C (200 and 250 °F).  Even at 95 °C and 20 % rH over 10 mS/cm can be re-
tained as proton conductivity. Absolute values were well reconfirmed by a Round Robin 
testing within the European Autobrane project (2006-09), see [2] for detailed results of further 
12 institutes who screened Aquivion™ E79-03S proton conductivity under three pre-defined 
cell conditions. 
The chart on the right illustrates the pronounced effect of superior water retention at 90 °C 
and quasi dry conditions. Long-side-chain ionomer membranes or baseline Aquivion™ 
materials such as E87-05S (EW 870, 50 microns) lose cell voltage when lowering reactant 
pre-humidification. Advanced E79-03S (EW 790, 30 microns) maintain the cell voltage by 
efficient auto-humidification through absorption and transport of cathode product water. 
 
Figure 3: AQUIVION™ E79-03S proton con-
ductivity as a function of rH and T 
(30 µm). 
Figure 4: AQUIVION™ E79-03S water 
retention capability in hot and dry 
conditions. 
The possibility to continuously operate an ionomer membrane at high temperature is limited 
by its softening temperature. Under fully dry conditions this temperature can be determined 
as the polymer’s alpha-transition peak (for Aquivion™ indicatively between 125 and 140 °C). 
 
 
Figure 5: AQUIVION™, Identification of the softening point at 20 % rH. 
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Validating the situation under partial humidification requires a series of stress-strain tests at 
fixed rH and various temperatures, as shown by the chart’s diamonds.  A change in slope of 
the modulus reduction typically indicates an alternation in the polymer structure; which in 
case of Aquivion™ can be observed at around 125 °C for measurements at 20 % relative 
humidity.  Lifetime test results are a development criterion of similar importance for the 
assessment of membrane quality.  Solvay Solexis is equipped with several test stations for 
long-life testing. Selection of suitable combinations of operating conditions and membrane 
grades will allow simultaneous optimization of both performance and lifetime requirements.  
More detailed technical discussion of ex-situ and in-situ differences of long- and short-side-
chain PFSAs can be found in [3] while [4] and [5] discuss resistance of Aquivion™ against 
radical attack, again in comparison to LSC PFSAs. 
AQUIVION™ – Dispersions 
Various grades of Aquivion PFSA ionomer dispersions in different solvent systems do not 
only provide a powerful raw material for catalyst ink development, but are also essential for 
other applications such as membrane recasting or treatment of hydrophobic surfaces to 
impart better water wettability. 
 
 
Figure 6: AQUIVION™, Typical rheological curves of various dispersion grades. 
Solvent compositions range from predominantly alcoholic (80 % propanol) to virtually 
aqueous-based. Likewise ionomer concentration can be moderate (6 %) or elevated (20 %). 
The combination of these two factors – with alcohol acts as a polymer swelling agent – 
affords different grades with varying rheological behavior, as shown in the graph. Both the 
absolute viscosity level and its dependency on the shear rate exhibit specific characteristics 
to adapt the grades to their intended use. 
Solvay Solexis supplies all commercial ionomer dispersions worldwide in various containers 
of 0.5, 5 or 60 liter capacity to both industrial manufacturers and R&D organizations. 
AQUIVIONTM materials are accessible via solexis.ionomers@solvay.com. Small-volume 
samples are dispatched worldwide by the distributor Ajedium Films LLC based in Newark, 
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Delaware (USA). Industrial customers are supplied directly by Solvay Solexis’s customer 
service center CCS in Milan/Italy. 
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Spatially Resolved Impedance Spectroscopy in PEM Fuel 
Cells up to 200 °C 
Arno Bergmann, Timo Kurz, Dietmar Gerteisen, Christopher Hebling, Fraunhofer 
Institute for Solar Energy Systems, Freiburg, Germany 
1 Introduction 
Electrochemical impedance spectroscopy (EIS) is widely used to separate different loss 
mechanisms in fuel cells due to their different time constants [1]. It is mostly difficult to 
interpret and valuate the different phenomena by the analysis of the overall current density 
and cell impedance. Conducting spatially resolved EIS combined with local current density 
measurements enables the localisation of these different loss mechanisms and degradation 
phenomena. Additionally the local detection of e.g. fuel starvation or flooding events can help 
to understand the cell behaviour at critical operating states. Spatially resolved 
characterisation in combination with electrochemical impedance spectroscopy of 
conventional PEM fuel cells has been carried out earlier by Hakenjos et al. [2]. 
The high temperature polymer electrolyte membrane (HTPEM) fuel cell based on phosphoric 
acid doped polybenzimidazole (PBI) membranes was primarily developed by Wainright et. al. 
[3] in the middle of the 1990s. Due to several significant advantages they are a promising 
fuel cell technology and are nowadays receiving growing attention in research. The key 
advantage is the higher operation temperature of 120 °C to 200 °C compared to conventional 
low temperature PEM fuel cells based on Nafion® membranes. These operating conditions 
can be achieved due to a higher chemical and thermal stability of PBI and a proton 
conducting mechanism that does not require liquid water. The operating temperature leads to 
a more useful waste heat, a simplified system design due to the easier water management 
and, above all, to a significantly higher tolerance against catalyst poisons like carbon 
monoxide [4, 5]. Therefore, the most favourable application for HTPEM fuel cell systems is a 
combined heat and power (CHP) system in combination with a reformer unit. 
In this work, a sophisticated experimental setup for spatially resolved characterisation of 
conventional and high temperature PEM fuel cells available at the Fraunhofer ISE is 
described in detail as well as the in-house designed and manufactured test cell. Exemplary 
some results of spatially resolved measurements are presented to demonstrate the 
opportunities of the described test facility. The influence of gas stoichiometry on the lateral 
distribution of current density in a HTPEM fuel cell was investigated at an operating 
temperature of 160 °C and a cell voltage of 0.5 V. Additionally, impedance spectra at 
selected cell segments are presented for deeper analysis of the spatial variety of the present 
processes. 
2 Experimental Setup 
At the Fraunhofer Institute for Solar Energy Systems ISE a custom-built test bench designed 
and manufactured by MaterialMates Italia has been installed for the spatially resolved 
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characterisation of fuel cells. It consists of 50 synchronised potentiostats as well as 50 
channel frequency response analyser (FRA) that enables the simultaneous measurement of 
cell impedance as well as current and voltage at 50 cell segments in potentiostatic and 
galvanostatic mode, respectively. EIS can be conducted in a frequency range between 
0.1 mHz and 20 kHz that offers the opportunity to analyse all loss mechanisms ranging from 
mass transport problems in the low frequency range and charge transfer losses in the middle 
frequency range to losses caused by ionic conduction in membrane and catalyst layers 
impacting at frequencies above 1 kHz. 
To reduce the interaction of adjacent cell segments during EIS, even at frequencies up to 
10 kHz, the excitation generating potentiostats are hardware-based synchronised. Each FRA 
measures and analyses the cell response separately and uses a noise-optimised lock-in 
amplifier. The calculation method of the impedance can be configured freely between highest 
accuracy and fastest measurement. In addition to the fundamental mode of cell response 
higher harmonics can be analysed up to 3rd order. This may offer new possibilities to 
distinguish more precisely between the influence of the present ionic conduction, 
electrochemical and transport processes in the diffusion layer, micro porous layer and/or 
catalyst layer. For setting the voltage or current each segment is connected to a separate 
potentiostat whereas an overall cell current up to 200 A can be handled. 
The characterisation of a HTPEM fuel cell was conducted with commercially available MEA 
sets with an active area of 25 cm2. The MEA consists of a phosphoric acid doped PBI 
membrane mounted in a sub-gasket and between two woven gas diffusion electrodes. 
 
 
Figure 1: Design of the test cell for characterisation of PEMFCs up to 200°C. 
The test cell, shown in Figure 1, is designed and constructed in-house. The key feature is an 
exchangeable and segmented graphite inlay acting as flowfield which can resist in harsh and 
acidic environments. Each segment offers an active area of approx. 0.5 cm2. The design of 
the segmentation using an exchangeable inlay offers a high flexibility for characterisation of 
different flowfield geometries in HTPEM fuel cells as well as in conventional PEM fuel cells 
where the impact of the flowfield design on cell performance and maximum current density is 
more significant. Electrical contact of the segments is established via gold-coated switch 
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probes for sensing and current collection and further on via two 50 pin connectors. The 
connection between the test cell and the potentiostats is realised using extremely low-
inductive cables. All components dealing with the segmented side are assembled in a 
polymer block wherein the gas supply is realised. 
While segmenting one side of the cell an unsegmented flowfield is assembled at the other 
side. Temperature distribution of the cell can be measured at selected cell positions in the 
cathode flowfield. The test cell is mounted in a laboratory oven providing a homogenous 
temperature distribution outside the test cell to avoid artificial effects caused by varieties in 
thermal isolation. All assembled components are designed to resist temperatures up to 
200 °C. 
Gas flow rate is set using digital massflow controller. Since gas humidifiers are assembled 
the investigation of the relative humidity of the gases on the cell performance is possible up 
to a dew point of 60 °C. Data acquisition of temperature measurement and gas flow 
controlling is realised using LabView. 
3 Results 
Giving an idea of the characterisation method of combined current mapping and 
electrochemical impedance spectroscopy in a spatially resolved test cell, earlier results of the 
characterisation of a HTPEM fuel cell are presented in the following. The measurements 
were conducted at a cell voltage of 0.5 V and at a temperature of 160 °C. During the 
measurement the stoichiometry of air was varied between λair = 1.5 and λair = 3, while the 
hydrogen stoichiometry remained constant at λH2 = 1.3. 
Figures 2 - 4 show the spatial distribution of current density for selected air stoichiometries. 
The air flow is oriented along the y-axis, while the hydrogen flows along the x-axis into the 
cell. 
For all stoichiometries the current density shows the same characteristics. Along the air flow 
the current density shows a steep increase from the gas inlets to the 3rd row of segments 
over a length of approximately 1 cm. Further on towards the gas outlet the current density 
decreases with a minor gradient. The segment with the maximal current of each row 
migrates along the hydrogen flow direction leading to a diagonal arrangement of cell 
segments 9, 17, 25, and 33. The current density at these segments varies between 
288 mAcm-2 and 240 mAcm-2 at segment 17 and segment 33, respectively. The combination 
of hydrogen and oxygen concentration coupled with the temperature distribution causes the 
discovered distribution of current density since the maximal current density is located at the 
optimal ratio between oxygen and hydrogen concentration at the location of the highest 
temperature. 
Reducing the air stoichiometry does not change the characteristics of the current density 
distribution but as a result the current density decreases towards the outlet of the cathode 
channels. This phenomenon is caused by a reduced oxygen concentration due to the current 
generation along the channel. At segment 33 the current density is reduced from 240 mAcm-2 
at λair = 3 to 208 mAcm-2 at λair = 1.5. 
Results of the electrochemical impedance spectroscopy are also shown in Figure 2 – 4 for 
the cell segments 17, 25, and 33. The excitation frequency was varied between 1 kHz and 
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100 mHz. At high cathodic air flow of λair = 3 the Nyquist plot of segment 17 near to the gas 
inlets shows a nearly semicircular RC member-like behaviour. A second arc cannot be seen 
at the mentioned operating conditions at that cell segment. The shape of the spectra is 
different for segments 25 and 33 since at both segments a second arc appears at 
frequencies of several Hz. This indicates a higher mass transfer resistance due to a worse or 
rather slower gas feed than near the air inlet. 
Reducing the air flow leads to significant changes in impedance spectra since both the first 
and the second arc grow in diameter for all analysed segments. Especially at a cathode 
stoichiometry of λair = 1.5 the second arc of the latter segments is remarkably more 
pronounced which is caused by a stronger diffusion polarisation at lower oxygen 
concentrations. These results are in agreement with the investigations of Jespersen et. al. 
who carried out electrochemical impedance spectroscopy in HTPEM fuel cells [6]. 
The high frequency resistance (HFR) at 1 kHz is approx. 160 mΩcm2 and does not vary with 
position and operating conditions at the selected cell segments. 
 
Figure 2: Current density distribution (left) and Nyquist (right) plot of EIS at selected cell 
segments for a cathode stoichiometry of λair = 3. 
 
 
Figure 3: Current density distribution (left) and Nyquist plot (right) of EIS at selected cell 
segments for a cathode stoichiometry of λair = 2. 
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Figure 4: Current density distribution (left) and Nyquist plot (right) of EIS at selected cell 
segments for a cathode stoichiometry of λair = 1.5. 
 
4 Conclusion 
In this work, a newly developed, unique 50-channel potentiostat-impedance spectrometer 
and an in-house designed and manufactured test cell is described in detail. This test facility 
enables the spatially resolved characterisation of polymer electrolyte membrane fuel cells at 
temperatures up to 200 °C. Thus, lateral inhomogeneities caused by mass transport losses, 
membrane dehydration, and catalyst poisoning effects can be investigated at different 
operating conditions. A sophisticated in-house designed test cell including an exchangeable 
and segmented flowfield is presented. The cell offers a great flexibility for investigating the 
influence of different flowfield designs on the conventional as well as high temperature PEM 
fuel cells. 
As an idea of example characterisations which can be conducted with the test bench, the 
influence of cathodic gas stoichiometry on the spatial distribution of the present processes in 
a HTPEM fuel cell has been investigated using current density measurements as well as 
electrochemical impedance spectroscopy. It has been shown that reducing the air flow leads 
to changes in the spatial distribution of current density and the impedance spectra. More 
precisely a stronger gradient along the cathodic gas channel appears as well as the Nyquist 
plot shows more pronounced second arcs at cell segments towards the air outlet. The 
characteristics of impedance spectra are highly dependent on the position. The HFR does 
not depend on cathode stoichiometry and does not vary between the investigated segments. 
With the presented results it can be concluded that measuring the overall cell impedance 
might not lead to a complete picture of the processes that determines the fuel cell 
performance since the impact of lateral inhomogeneities merges the cell response to a non-
interpretable spectra. Thus, spatially resolved electrochemical impedance spectroscopy is 
necessary to achieve a deeper understanding of the present processes in a fuel cell. 
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Computational Modeling of Carbon Corrosion in PEM Fuel 
Cells 
Hans-Wilfried Mindt, ESI-GmbH, Germany 
Kunal Jain, ESI US R&D Inc., Huntsville, AL 35806, USA 
Ashok Gidwani, CFD Research Corporation, Huntsville, AL 35805, USA 
Sanjiv Kumar, Unit Cell Engineering, Ballard Power Systems, Burnaby, BC V5J 5J8, 
Canada 
Proton Exchange Membrane (PEM) Fuel Cells continue to be among the most promising 
alternative energy devices for automotive as well as stationary applications. 
Several modes and mechanisms of degradation of PEM fuel cells, primarily the MEA, have 
been discussed by de Bruijn et al [1]. Figure 1(B) illustrates the various mechanisms for 
degradation of electrodes. One such degradation mechanism is the corrosion of carbon 
supports. Carbon, with an equilibrium potential of 0.207 V at 25 °C, is thermodynamically 
unstable at typical operating conditions of the fuel cell. Fortunately, slow kinetics allow the 
use of carbon supports in fuel cells. But, at high electrode potential, the corrosion rate 
becomes significant. The high potential is mainly caused by mal-distribution of H2. Fuel 
starvation, or mal-distribution of H2, can also happen due to flooding of the anode or during 
start-stop cycles, as illustrated in Figure 1 (A). 
 
Figure 1 A: Schematic illustrating fuel mal-
distribution mode resulting in 
carbon corrosion. 
Figure 1 B: Degradation conditions, 
mechanisms, and effects for 
electrodes (de Bruijn et al., [1]). 
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In this work, we numerically study the durability issues of PEM fuel cells due to carbon 
corrosion in electrodes due to fuel starvation. Understanding of the mechanisms of carbon 
corrosion and identification of conditions leading to corrosion can help design the operating 
conditions and guide material development to mitigate the electrode degradation and 
improve the fuel cell system durability. 
The equations governing conservation of mass, momentum, species, and current were 
solved in a self-consistent manner using a finite volume scheme on arbitrary mesh topology 
within the framework of the commercial CFD code CFD-ACE+. The details of theory of 
species transport and electrochemical reactions in porous media, and the mathematical 
formulation of the conservation equations have been described in detail elsewhere [2,3,9]. 
Furthermore, species conservations and production/destruction by electrochemical multi-step 
reactions are considered. Reactants flowing through the pores in a porous solid arrive at the 
solid catalyst/electrolyte interface by diffusion within the gas pores and the polymer 
electrolyte. The transfer current is obtained from the Butler-Volmer equation, and has been 
used in its general form. 
1 Model Validation 
The developed model was validated against experimental and other model data from the 
literature. The validation was performed for the cases with and without the carbon corrosion. 
1.1 Model Validation for Fuel Cell Operation without Carbon Corrosion 
Validation studies were performed against analytical solutions of Newman and Tobias [4] for 
current through a single porous electrode. Validation was also performed against the 
experimental data of Ticianelli et al. [5,6]. These studies are reported in detail in our previous 
publication [2,3] wherein we showed good agreement between the results predicted by our 
CFD-ACE+ computational model and the analytical/experimental data. 
 
Figure 2: Predicted polarization curve compared against experimental data (Conditions: 
323 K, 1 atmosphere pressure and 100 % relative humidity at flow inlet). 
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Figure 2 presents the polarization curves obtained using two-dimensional and three-
dimensional simulations and compares the predicted cell performance with the experimental 
data. As seen from the polarization curves, at low current densities, there is an excellent 
match between the computationally predicted data (for both two-dimensional and three-
dimensional simulations) and the experimental data. However, as the current density 
increases, the numerical results overpredict the experimental data, the two dimensional 
simulation data deviating much more than the three-dimensional simulation prediction. With 
the inclusion of liquid water formation and transport, the predicted results match better with 
the experimental data. 
1.2 Model Validation for Carbon Corrosion 
Carbon corrosion validation studies were performed for air/air polarization for the 
experimental data reported by UTC-Fuel Cells researchers Meyers and Darling [7]. The 
channel, GDL, and MEA dimensions and flow rates were same as those in UTC model, and 
summarized in Table I. The electrochemical reactions and reaction parameters are 
summarized in Table II. The computational domain with grid is shown in Figure 3. Figure 4 
shows polarization curves with air on both electrodes. As explained in Meyers and Darling 
[7], the current density is negative because current flows through the cell in the direction 
opposite of normal fuel cell operation. Figure 5 compares the predictions of partial current 
densities from the current model with the UTC model (Meyers and Darling [7]). The 
predictions are for air/air case and show excellent match between the two models. 
 
 
Figure 3: Schematic of the fuel cell with grid distribution. Model scaled in Y by a factor of 
100. 
 
Table 1: Channel dimensions and parameters used in this study. 
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 Table 2: Electrochemical reactions and parameters used in this study. 
 
Figure 4: Comparison of air/air polarization 
data with experimental data 
reported by Meyers and Darling 
[7]. 
Figure 5: Comparison of partial current 
densities on the working and 
counter electrode during air/air 
polarization curve. 
 
2 Results and Discussion 
Having performed model validation, numerical calculations of fuel cell operation under 
different corrosion conditions were performed in two-dimensional and three-dimensional 
geometries. The results from these simulations are described in the following subsections. 
2.1 Partial starvation due to insufficient hydrogen 
This mode of carbon electrode corrosion can occur during start/stop cycles when there is 
insufficient amount of hydrogen fuel for a brief period of time. We have mimicked this case 
with a steady state simulation with fuel flow at stoichiometric values less than 1. Figure 6 
shows the isocontours of hydrogen mass fraction and corresponding cell potential for three 
different stoichiometric values for hydrogen. In this case, carbon corrosion reaction is off and 
the cell is driven with a fixed current density. As seen from the Figure, the fuel concentration 
decreases as the fuel is consumed downstream. When all the fuel is consumed, the cell 
potential reverses with electrolysis of water taking place at the working electrode. A transient 
simulation was performed with carbon corrosion reaction allowed to occur at either electrode. 
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There was no hydrogen flow in this simulation and air was flown through both channels. A 
finite number of surface sites for carbon were assumed to be present at the two electrodes. 
Figure 7 zooms into the catalyst layer and shows the filling of the various carbon sites, C(S), 
and isocontours of CO2 mass fraction as oxidation of carbon occurs. 
 
 
Figure 6: Isocontours of hydrogen mass fraction (normalized) and potential 
distribution for different stoichiometry values of hydrogen during partial 
starvation operation; Note: Model scaled in Y by a factor of 100. 
 
 
Figure 7: Isocontours of carbon sites (left) and CO2 mass fraction (right) with time 
illustrating carbon corrosion in the catalyst layer. 
 
2.2 Local starvation 
Local starvation of electrode could occur due to localized blocking of catalyst sites by water 
droplets, which prevents the fuel to reach the active catalyst sites. This situation was 
mimicked by deactivating the hydrogen oxidation reaction in the blocked region shown in 
Figure 8. An abrupt decrease in the solid potential is seen where the catalyst site is blocked. 
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Figure 8: Cell potential distribution during local starvation and carbon corrosion. 
 
2.3 Divided or Dual Cell Reverse-Current Configuration 
During start-stop cycles, the fuel electrode may be partially exposed to hydrogen and 
partially to air. In such a case the region with hydrogen drives the cell while the other half of 
the cell, which is hydrogen deficient, draws the current and creates the “reversecurrent” 
conditions. Figure 9(A) depicts the process schematically as it was experimentally 
demonstrated by Reiser et al. [8] using two electrically connected cells, figure 9(B). 
Figure 9 A: Schematic of reverse-current 
configuration. 
Figure 9 B: Schematic of a dual cell 
configuration used to simulate the 
reverse-current condition (Reiser 
et al.[8]) 
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Evaluation of Power Performance of Small Free-Breathing 
Polymer Electrolyte Fuel Cells 
Kohei Nakashima, Tomoya Sawai, Ayumu Mitani, Soichi Ishihara, Yoshio 
Murakami, Meijo University, Japan 
Abstract 
Utilizing commercially-available parts, we constructed a small free-breathing polymer 
electrolyte fuel cell, with an active area of 4 cm2 and hole openings in the separator on the 
cathode side. We then systematically investigated power performance and cell resistance as 
functions of cell temperature, hydrogen flow rate and cell tilt angle. We thus clarified the 
power performance at each temperature, hydrogen flow rate and cell tilt angle, and found the 
optimum operating conditions for higher power performance to current density. 
1 Introduction 
When used to power portable electronics devices, polymer electrolyte fuel cells need to be 
small and simple, with minimal auxiliary devices. There are great hopes that portable 
electronics devices will be powered by free-breathing polymer electrolyte fuel cells (hereafter 
“free-breathing fuel cells”) needing no auxiliary air circulation devices. The cathode side of 
these free-breathing fuel cells takes oxygen directly from the surrounding air, using natural 
convection. Several studies have reported performance evaluations of larger free-breathing 
fuel cells, with active areas of 6 to 18 cm2, including Hottinen et al. [1,2], Schmitz et al. [3] 
and Park et al. [4]. Neponen et al. [5] measured current distribution of free-breathing fuel cell, 
with an active area of 25 cm2. However, there have been no full reports evaluating the 
performance of small free-breathing fuel cells, with active areas of 4 cm2 or less, applicable 
to power portable electronics devices. In this study, we investigated the power performance 
of a small free-breathing fuel cell, without humidifiers on the anode side and without air 
circulation devices on the cathode side. For the purpose of this study, utilizing commercially-
available parts, we constructed a small free-breathing fuel cell with an active area of 4 cm2 
and hole openings in the separator on the cathode side. By controlling our cell temperature 
and hydrogen flow rate, we examined power performance and cell resistance as functions of 
cell temperature, hydrogen flow rate and cell tilt angle. 
2 Experiment 
Figure 1 shows single free-breathing fuel cell with an active area of 4 cm2. The solid polymer 
electrolyte membrane was Nafion 112, with a thickness of 54 µm, made by DuPont. The 
electrodes with gas diffusion layers were carbon paper with a thickness of 0.37 mm, loaded 
with 1.0 mg/cm2 platinum, made by Chemix Co., Ltd. The separators, with a thickness of 
4.5 mm, were made of carbon with a gas-impermeable treatment, again by Chemix Co., Ltd. 
The separator on the anode side had a meander channel with a width of 2 mm and a depth 
of 1 mm. The separator on the cathode side had nine hole openings of 2.8 mm diameter. The 
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end plates were made of aluminum. We drilled holes of 1 mm and 6 mm diameter, to install a 
K-type sheathed thermocouple and a cartridge heater, respectively. 
 
Electrolyte
Silicon sheet
Aluminum plate
Electrode
with platinum
Carbon separator
Anode side Cathode side
 
Figure 1: Experimental free-breathing fuel cell. 
Figure 2 shows our experimental apparatus. The hydrogen was regulated by a mass flow 
controller, and then supplied to our free-breathing fuel cell, without humidification. However, 
only when we were breaking in our cell, we humidified the hydrogen using a humidifier at 
ambient temperature, before supplying it to our fuel cell. We mounted our fuel cell on a tilt jig, 
so that we could rotate its center plane between perpendicular to the ground and horizontal. 
We installed cartridge heaters into the end plates. We connected our fuel cell both to an 
electric load device (Model PLZ70UA, Kikusui Electronics Corp.) to evaluate cell 
performance, by measuring polarization and current transients, and to an ohm tester (Model 
356E, Tsuruga Electric Corp.) to measure internal resistance of our cell, at a frequency of 
10 kHz. 
 
Humidifier
Mass flow controller
Flow 
controller
PEFC
Anode Cathode
Temperature
controller
H2
N2
Load device Ohm meter
 
Figure 2: Experimental apparatus. 
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In our experiments, we set the cell temperature successively at ambient temperature, 30, 40 
and 60 °C. We defined the hydrogen supply ratio as the proportion of the supply flow rate to 
the stoichiometric flow rate at 250 mA/cm2 (hydrogen 7.0 cm3/min [normal]). We set this 
hydrogen supply ratio successively at 1 and 2. Before each measurement, we supplied 
unhumidified hydrogen of 18.6 cm3/min [normal] to our cell at ambient temperature, until cell 
resistance reached 300 mΩ. Then, to break in the cell, we allowed the cell to stabilize at a 
current density of 2.5 mA/cm2 for 30 minutes, while supplying the fixed hydrogen with 
humidification at ambient temperature and setting at the fixed cell temperature. After this 
break-in, we measured the cell voltage and resistance, while increasing current density in 
increments of 5 mA/cm2. Here we averaged two measurements, one immediately after 
establishing each current density, and one 3 minutes later, for our cell voltage and resistance 
data. We ran our experiments at an ambient temperature of 22 to 26 °C, and a relative 
humidity of 35 to 70%. 
3 Results and Discussion 
Figure 3 shows the effect of cell temperature on cell voltage, power density and resistance, 
with a hydrogen supply ratio of 1, and with the cell center plane perpendicularly to the ground 
(i.e. a cell tilt angle of 0°). We see that, at a lower current density, both cell voltage and 
power density decreased, and cell resistance increased, with increased cell temperature. But 
at a higher current density, the cell voltage reduction rate at higher cell temperature is less 
than that at lower cell temperature, and cell resistance has a minimum effect on the cell 
temperature. The maximum power density also increased with increased cell temperature. It 
appears that, at a lower current density, the solid polymer electrolyte membrane dries as the 
cell temperature becomes higher, resulting in an increased resistance to proton conduction, 
thus reduced cell voltage. On the other hand, it seems that, at a higher current density, the 
moisture content of the solid polymer electrolyte membrane was maintained by the product 
water, so the cell voltage reduction rate decreased with higher cell temperature. 
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Figure 3: Effect of cell temperature on cell voltage, power density and resistance with 
hydrogen supply ratio of 1 and cell tilt angle of 0°. 
Figure 4 shows the effect of cell temperature on cell voltage, power density and resistance, 
this time with a hydrogen supply ratio of 2, and again with the cell center plane 
perpendicularly to the ground (cell tilt angle of 0°). The trend in temperature dependence on 
cell voltage, power density and resistance vs. current density with this hydrogen supply ratio 
of 2 is almost the same as that with the previous hydrogen supply ratio of 1. Specifically, at 
the ambient temperature and a cell temperature of 30 °C, cell voltage, power density and cell 
resistance with this hydrogen supply ratio of 2, is almost the same as that with the previous 
hydrogen supply ratio of 1. However, at cell temperatures of 40 °C and above, cell voltage 
and power density with this hydrogen supply ratio of 2 is lower than that with a hydrogen 
supply ratio of 1, but the cell resistance with this hydrogen supply ratio of 2 is higher than that 
with a hydrogen supply ratio of 1. It seems that, with increased hydrogen flow rate and a 
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higher cell temperature, the solid polymer electrolyte membrane becomes drier, decreasing 
cell voltage. 
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Figure 4: Effect of cell temperature on cell voltage, power density and resistance with 
hydrogen supply ratio of 2 and cell tilt angle of 0°. 
Figure 5 shows the effect of cell tilt angle on cell voltage, power density and resistance, with 
a hydrogen supply ratio of 1, at ambient temperature. Positive tilt angle represents the 
cathode inclining upward from the cell center plane perpendicularly to the ground, negative 
tilt angle represents the cathode declining downward. Both, positive and negative cell tilt 
angles, have a minimum effect on the cell voltage, power density and resistance. It appears 
that sufficient air is supplied by natural convection from hole openings in separator to the 
cathode, even when tilting the cell upwards or downwards. 
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Figure 5: Effect of cell tilt angle on cell voltage, power density and resistance, with a 
hydrogen supply ratio of 1, at ambient temperature. 
4 Conclusion 
We constructed a small, free-breathing fuel cell, with an active area of 4 cm2, and hole 
openings in separator on the cathode side. We investigated the power performance and cell 
resistance of this fuel cell, as functions of cell temperature, hydrogen flow rate and cell tilt 
angle. Our major results follow: 
1. At a lower current density, both cell voltage and power density decreased with 
increased cell temperature. But at a higher current density, the cell voltage reduction 
rate decreased, and the maximum power density increased, with increased cell 
temperature. 
2. At a higher cell temperature, both cell voltage and power density decreased with 
increased hydrogen flow rate. 
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3. Tilting the cell upward or downward has a minimum effect on both cell voltage and 
power density. 
In our future work, we will examine the effect on power performance of the size of the holes 
in the separator on the cathode side. 
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Power Performance of Small Polymer Electrolyte Fuel Cells 
under Various Humidification Conditions 
Kohei Nakashima, Ayumu Mitani, Tomoya Sawai, Soichi Ishihara, Yoshio 
Murakami, Meijo University, Japan 
Abstract 
To generate stable electricity with a polymer electrolyte fuel cell (PEFC), it is necessary to 
manage the cell’s water content. We constructed a small PEFC with an active area of 4 cm2, 
applicable to power portable electronics devices, and then investigated its power 
performance under various humidification conditions. By controlling the temperature of the 
PEFC, the humidifiers and the piping, and the hydrogen and air flow rates, we examined the 
power performance and cell resistance as functions of cell temperature, humidification 
temperature, and flow rates. We thus clarified optimum humidification conditions for 
maximum power performance and discovered the relationship between excess air ratio and 
maximum power. 
1 Introduction 
In a polymer electrolyte fuel cell (PEFC), hydrogen is supplied to the anode, and oxygen to 
the cathode. Chemical reactions generate electricity and produce water on the cathode side. 
Now, because the solid polymer electrolyte membrane between the PEFC electrodes can 
conduct protons only in the presence of water, almost all PEFCs supply water to the 
membrane by humidifying their gas feed stream. However, when this feed gas becomes 
supersaturated and product water accumulates in the PEFC, water flooding occurs in the gas 
diffusion layer, the catalyst layer, and the gas channel, all resulting in decreased PEFC 
performance. Such flooding is especially likely in a small PEFC, applicable for powering a 
portable electronics device, because of its narrow gas channel and lower gas flow rates. 
Therefore, it is necessary to manage the water content inside the small PEFC to generate 
stable electricity. Several studies have reported product water under higher humidification 
conditions in larger PEFCs with active areas of 6 to 104 cm2, including Konomi & Nakamura 
[1], Konomi et al. [2], Lu et al. [3], and Yoshikawa et al. [4,5]. However there have been no 
full reports evaluating power performance and cell resistance of small PEFCs, with active 
areas of 4 cm2 or less, under various humidification conditions. In this study, we first 
constructed a small PEFC with an active area of 4 cm2. We then systematically examined its 
power performance and cell resistance as functions of cell temperature, humidification 
temperature, and hydrogen and air flow rates. 
2 Experiment 
Fig.1 shows our small PEFC, comprising a solid polymer electrolyte membrane (made of 
Nafion 112, with a thickness of 54 μm), electrodes with gas diffusion layers (carbon paper, 
with a thickness of 0.37 mm, loaded with 1.0 mg/cm2 platinum), gaskets (silicon), separators 
(carbon with a gas-impermeable treatment, with a thickness of 4.5 mm) and end plates 
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(aluminum alloy). The separator had a meander channel with a width of 2 mm and depth of 
1 mm. Components on the anode side are the same as those on the cathode side. 
 
Figure 1: Experimental PEFC. 
Fig. 2 shows our experimental apparatus. The hydrogen and air were regulated by mass flow 
controllers, and then were humidified in separate humidifiers before supplying them to the 
PEFC. We installed cartridge heaters into the end plates. We wrapped the humidifiers in 
rubber heaters. We then placed the PEFC, humidifiers, and piping in a thermostatic chamber 
to control their temperature. We connected the PEFC both to an electric load device (Model 
PLZ152 with a voltage resolution of 1 mV, Kikusui Electronics Corp.) to evaluate polarization 
and current transients, and to an ohm tester (Model 356E, Tsuruga Electric Corp.) to 
measure cell resistance at a frequency of 10 kHz. 
 
PEFC
Anode Cathode
Humidifier
Temperature
controller
AirH2
N2
Flow
controller
Mass
flow
controller
Mass
flow
controllerHumidifier
Ohm meterLoad device
Thermostat
chamber
Figure 2: Experimental apparatus. 
Table 1 shows our experimental conditions. We define the humidification temperature as the 
temperature both in water of humidifiers and in the thermostatic chamber. We define the 
hydrogen and air supply ratios as the proportion of the supply flow rate to the stoichiometric 
flow rate at 250 mA/cm2 (hydrogen 7.0 cm3/min [normal]; air 16.8 cm3/min [normal]). In our 
experiment, before each measurement, we allowed the PEFC to stabilize at a current density 
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of 2.5 mA/cm2 for 1 hour. We then measured the cell voltage and resistance while increasing 
current density in increments of 5 mA/cm2. 
Table 1: Conditions. 
PEFC Temperature 60 C゜ 80 C゜
40，50，60 C゜ 60，70，80 C゜Humidification temperature
1.00
1.00，1.25，1.67，2.50，5.00，10.00
Air
Hydrogen
Supply ratio
Supply ratio
40，50，60 C゜ 60，70，80 C゜Humidification temperature
 
3 Results and Discussion 
Fig. 3 shows the effect of humidification temperature on cell voltage, power density, and 
resistance, with air supply ratio of 1.25 and 5.00, at cell temperature of 60 °C. Looking first at 
an air supply ratio of 1.25, and with a current density of 60 mA/cm2 or less, we see that both 
cell voltage and power density increased with increased humidification temperature. But 
when current density exceeds 65 mA/cm2, both cell voltage and power density are higher at 
humidification temperature of 50 °C than at 40 °C and 60 °C. Cell voltage dropped extremely 
at 135 mA/cm2 at a humidification temperature of 60 °C, but dropped at 230 mA/cm2 at 40 °C 
and 50 °C. At lower current densities, cell resistance decreased with increased humidification 
temperature. But at higher current densities, cell resistance decreased at humidification 
temperatures of 40 °C and 50 °C, and was similar to that at 60 °C. 
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Figure 3: Effect of humidification temperature on cell voltage, power density, and resistance 
with air supply ratios of 1.25 and 5.00 at cell temperature of 60 °C. 
Looking next at an air supply ratio of 5.00, with a current density of 50 mA/cm2 or less, we 
see that both cell voltage and power density increased with increased humidification 
temperature. With current densities between 80 and 260 mA/cm2, both cell voltage and 
power density are higher at a humidification temperature of 50 °C than at 40 °C and 60 °C. 
But when current density exceeds 260 mA/cm2, both cell voltage and power density are 
higher at a humidification temperature of 40 °C than at 50 °C. While the cell voltage dropped 
extremely at 160 mA/cm2 at a humidification temperature of 60 °C, it dropped at 285 mA/cm2 
at 50 °C, and 305 mA/cm2 at 40 °C. At lower current densities, cell resistance also decreased 
with increased humidification temperature. At higher current densities, cell resistance at a 
humidification temperature of 50 °C fell to almost the same level as that of 60 °C, but cell 
resistance at 40 °C did not fall to that same 60 °C level. It seems that, at lower current 
densities, the solid polymer electrolyte membrane dries with a lower humidification 
temperature, resulting in decreased cell voltage. But as the current density increases, the 
moisture content on the solid polymer electrolyte membrane is maintained by the product 
water, so the cell voltage reduction rate decreases with a lower humidification temperature. 
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Similarly, it appears that at higher current densities water flooding occurs in the gas diffusion 
layer, or in the catalyst layer in the cathode side, with a higher humidification temperature. 
This water flooding inhibits reactions and the maximum power density decreases. It seems 
that, with a higher air supply ratio, it is easier for the product water to drain out, and there is 
less incidence of water flooding, resulting in increased cell voltage and power density. 
Fig. 4 shows the effect of humidification temperature on cell voltage, power density, and 
resistance, with air supply ratio of 1.25 and 5.00, at cell temperature of 80 °C. Looking first at 
an air supply ratio of 1.25, with a current density of 105 mA/cm2 or less, we see that both cell 
voltage and power density at a humidification temperature of 80 °C are higher than at 60 °C 
and 70 °C, but cell voltage and power density are similar at 60 °C and 70 °C. With current 
densities exceeding 110 mA/cm2, both cell voltage and power density decreased with 
increased humidification temperature. While the cell voltage dropped extremely at 
155 mA/cm2 at a humidification temperature of 80 °C, it dropped at 230 mA/cm2 at 70 °C, 
and 305 mA/cm2 at 60 °C. At lower current densities, cell resistance decreased with 
increased humidification temperature. However, at higher current densities, cell resistance at 
60 °C and 70 °C did not fall to the 80 °C level. 
Looking next at an air supply ratio of 5.00, with a current density of 195 mA/cm2 or less, we 
see both cell voltage and power density at a humidification temperature of 80 °C are higher 
than at 60 °C and 70 °C, and the differences of cell voltage and power density between 
80 °C and 60 °C or 70 °C are larger with an air supply ratio of 5.00 than that with the 
previous air supply ratio of 1.25. Here, with this air supply ratio of 5.00, both cell voltage and 
power density at 60 °C are similar to those at 70 °C. With current densities exceeding 
200 mA/cm2, both cell voltage and power density decreased with increased humidification 
temperature. Cell voltage dropped extremely at 205 mA/cm2 at a humidification temperature 
of 80 °C, but dropped at 305 mA/cm2 at 70 °C and at 330 mA/cm2 at 60 °C. At a 
humidification temperature of 60 °C, the maximum power density is slightly higher at this air 
supply ratio of 5.00 than that with the previous air supply ratio of 1.25. At higher current 
densities, cell resistance at 60 °C and 70 °C with an air supply ratio of 5.00 did not decrease 
to the level of 80 °C, and was always higher than that with an air supply ratio of 1.25. It 
seems that, at cell temperature of 80 °C, with decreased humidification temperature, at both 
lower and higher current densities, the solid polymer electrolyte membrane dries, resulting in 
no increase to cell voltage and power density. 
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Figure 4: Effect of humidification temperature on cell voltage, power density, and resistance 
with air supply ratios of 1.25 and 5.00 at cell temperature of 80 °C. 
Fig.5 shows the relationship between the excess air ratio and the maximum power density. 
At cell temperatures of 60 °C and 80 °C, when the humidification temperature increased, the 
maximum power density decreased. At most humidification temperatures, the maximum 
power density increased with increased excess air ratio. But at a cell temperature of 60 °C, 
when the excess air ratio exceeded 5.0, the maximum power density held nearly constant. 
And at a cell temperature of 80 °C, when the excess air ratio exceeded 2.5, the maximum 
power density again held nearly constant. Therefore, taking into account the air flow rate 
supplied in actual operation, the optimum excess air ratio are 5.0 and 2.5, at cell 
temperatures of 60 °C and 80 °C, respectively. 
Proceedings WHEC2010 92
M
ax
im
um
 p
ow
er
 d
en
si
ty
 [m
W
/c
m
2 ]
175
150
125
100
75
50
Excess air ratio
2 40 6 8 10
60℃ 70℃ 80℃
Humidification temperature
40℃ 50℃ 60℃
PEFC80℃
PEFC60℃
M
ax
im
um
 p
ow
er
 d
en
si
ty
 [m
W
/c
m
2 ]
Figure 5: Maximum power density vs. excess air ratio. 
4 Conclusion 
Utilizing our small PEFC, we investigated its power performance under various humidification 
conditions. Our major results are as follows: 
1. When the humidification temperature increased at lower current densities, or 
decreased at higher current densities, both cell voltage and power density increased. 
2. Maximum power density decreased with increased humidification temperature. 
3. Taking into account the air flow rate supplied in actual operation, the optimum excess 
air ratio is 5.0 at a cell temperature of 60 °C, and 2.5 at 80 °C. 
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High-Temperature PEM Fuel Cells:  
Electrolytes, Cells, and Stacks 
Christoph Wannek 
Abstract 
Although today, most of the technical requirements which are considered to be relevant 
before classical (Nafion®-based) low temperature polymer electrolyte membrane (PEM) fuel 
cells can compete successfully with existing technologies on the market place are already 
met, at least on the laboratory scale, there are important research efforts to design cells with 
an operating temperature well above today’s 80 °C. Basically, such high-temperature PEM 
fuel cells could benefit from accelerated electrode kinetics, a simplified system design and a 
higher tolerance towards impurities in the hydrogen fuel. This paper reviews the stateof-the-
art in basic science and industrial development of membranes, electrodes and stacks and 
points out the main challenges for future development. It first describes various approaches 
to increase the operating temperature of classical membrane materials up to 120_C, before it 
focuses on the development of phosphoric acid-doped polybenzimidazoles-type membrane 
cells that operate at 160–180_C. As the technology readiness levels of alternative 
electrolytes such as phosphonic acids, ionic liquids, acidic salts and mixed oxides are still 
very low, they will be described only very briefly. 
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Development of Low Platinum Catalytic Layers for PEM 
Fuel Cells 
E. R. Savinova, P. S. Ruvinsky, S. N. Pronkin, LMSPC UMR 7515/CNRS-ECPM-
University of Strasbourg, France 
A. Bonnefont, IC UMR 7177 /CNRS-University of Strasbourg, France 
Polymer Electrolyte Membrane Fuel Cells (PEMFC) are considered as promising energy 
sources for vehicle, portable and stationary applications. However, their commercial use is 
still limited due to the high cost and insufficient durability. The catalytic layers of the state-of-
the-art PEMFCs are multi-component media comprising a carbon-supported Pt or Pt alloy 
catalyst, accelerating the rates of electrochemical reactions; an ionomer, providing flow of 
protons through the membrane-electrode-assembly (MEA); and gas- and liquid-filled pores, 
providing access of the reagents to and the products from the catalyst surface. In this 
presentation we discuss three different approaches to reduce the platinum metal loadings in 
a PEMFC. The first approach is related to the optimization of the support material; the 
second approach deals with the optimization of the catalytic layer architecture, while the third 
approach is based on the development of non-platinum catalysts for the anode of a PEMFC. 
Carbon support materials strongly influence the (i) size and morphology of metal 
nanoparticles, (ii) catalyst stability, (iii) metal/ionomer contact and catalyst utilization, (iv) 
mass-transport and (v) water management, and hence are among the key factors affecting 
the FC performance. The role of carbon materials in the catalytic layers of the PEMFCs has 
been recently reviewed by Maillard et al. [1]. 
In order to unveil the influence of the carbon support porosity on the fuel cell performance, a 
set of Pt catalysts supported on carbons of the Sibunit family were prepared. The carbon 
supports varied in degree of activation and consequently BET surface areas ranging from 22 
to 415 m2g–1. The conventional 20 wt. % Pt catalyst supported on Vulcan XC-72 carbon black 
was used as a reference [2]. Fuel cell tests revealed strong influence of the type of carbon 
support both on the total and on the Pt mass-normalized currents. The highest mass specific 
currents are achieved for 30 wt. % Pt/Sibunit 20P and 40 wt. % Pt/Sibunit 619P with BET 
surface areas of carbon supports of 292 and 415 m2g–1, correspondingly. Both of these 
exceed the activity of 20 wt. % Pt/Vulcan XC-72 catalyst, the enhancement factor varying 
from 4 to 6 depending on whether pure oxygen or air is fed to the cathode. The increased 
mass specific activities cannot be ascribed to the influence of the carbon support on the 
metal dispersion which was purposely kept constant and equal to ca. 0.3. Analysis of the I-U 
curves revealed that the improved cell performance is related to the improved mass transport 
in the cathode layers. The mass transport overvoltages were found to be strongly dependent 
on the specific surface area and on the texture of the support. This work proves that 
utilization of novel carbon materials, such as proprietary carbon materials of the Sibunit 
family, may lead to major improvements in the PEMFC performance, thus allowing to 
decrease considerably the amount of Pt in the catalytic layers. 
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We now move to the discussion of the novel catalytic layer architectures for the fuel cell 
applications. We propose three dimensionally ordered catalytic layers of aligned carbon 
nano-filaments as the means improve the mass transport, water management and electronic 
conductivity in the catalytic layer and, ultimately, the effectiveness of the Pt utilization [3]. The 
arrays of aligned carbon nano-filaments (ACNF) were synthesized by catalytic chemical 
vapour deposition on TiOx substrates, obtained via oxidative treatment of either 
polycrystalline Ti or thin Ti films on Si(100). Figure 1 shows a SEM image of the ACNF. The 
Pt deposition on the ACNF was utilized to prepare a set of model catalysts, which were 
investigated in two fuel cell related processes: the oxygen reduction (ORR) and the hydrogen 
oxidation (HOR) reactions. At this stage the experiments were performed in a conventional 
three-electrode electrochemical cell in 0.1 M H2SO4 electrolyte. The experimental data were 
compared with the results of mathematical modelling performed for a fast (quasi)reversible 
and a slow irreversible electrochemical reaction. 
For the HOR, high Faradaic current and high effectiveness of the Pt utilization can be 
obtained for the catalytic layers with high Pt coverage but low Pt loading. The results indicate 
that for a fast (quasi)reversible electrochemical reaction, such as the HOR, the best 
performance is provided by an ultra-thin quasi two-dimensional catalytic layer. For the ORR, 
although the Faradaic current increases with the Pt loading, the effectiveness factor is 
decreasing with the Pt loading and the thickness of the layer, already for fairly low Pt 
loadings. 
 
 
Figure 1: SEM images of ACNF grown on TiOx/Ti/Si(100) base: an integral ACNF layer (left-
hand side), and the bottom part of the ACNF (right-hand side). 
The influence of the Thiele modulus (TM) computed as 
poreO
ORRPt
RD
kLTM
2
Γ
=  on the specific 
activity in the ORR was analyzed. Here L is the height of the layer of ACNF, Rpore = 100 nm is 
the pore radius (estimated as half of the distance between the nearest fiber walls), DO2 is the 
diffusion coefficient of O2 in the aqueous electrolyte, and kORR is the electrode potential-
dependent kinetic constant. 
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Figure 2: ORR current density extracted from the RDE curves measured in O2-saturated 
0.1 M H2SO4 at 30 °C, 5 mV s–1 and 1600 rpm at different electrode potentials vs. 
Thiele modulus. Currents are normalized to the electrochemically active surface 
area of Pt. 
The analysis of the specific activity in the ORR as a function of the Thiele modulus (Figure 2) 
suggests that the observed decrease of the effectiveness factor at high Thiele moduli is due 
to the diffusion hindrance in the pores. The drop of the specific activity at low Thiele moduli 
indicates that ultra-thin catalytic layers may not be advantageous for the ORR. This is 
attributed to the escape of the H2O2 intermediate from the catalytic layer and to the decrease 
of the effective number of transferred electrons from 4 to 2. Comparison of the specific 
activities of Pt nanoparticles within Pt/ACNF (dPt = 4.1 nm) with those of Pt/Vulcan XC-72 
(dPt = 3.7 nm) shows that Pt/ACNF electrodes exhibit factor of 5 higher specific activity at an 
optimum Pt loading and layer thickness. This observation gives hope that structured catalytic 
layers may be useful for the future development of highly efficient, low noble metal loading 
catalytic layers for the PEMFCs. Further studies aimed at the incorporation of Pt/ACNF in the 
MEA and their utilization in the PEMFCs are in progress. The results will be reported 
elsewhere. 
Finally, we consider the development of non-platinum Pd-Au/C [4] catalysts for the anode of 
a PEMFC fed with reformate. Palladium-gold particles with varied composition were prepared 
by Pd electrochemical deposition on Au nanoparticles immobilized on a model carbon 
support. While the hydrogen oxidation activity of Pd/C [5] and Pd-Au/C [4] catalysts is inferior 
to that of Pt/C, their CO-tolerance is much superior. 
It was found that the decrease of the effective Pd overlayer thickness below ca. two 
monolayers resulted in a two-fold increase of the exchange current density of the hydrogen 
oxidation reaction and in a significant increase of the CO tolerance (Figure 3). Testing Pd-
Au/C catalysts in PEMFCs is now in progress and will be reported elsewhere. 
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Figure 3: Hydrogen electrooxidation curves on CO-blocked Pd-Au/C surfaces in H2-saturated 
0.1 M H2SO4 at 60 °C and 2500 rpm. Currents are normalized to the total metal 
surface area. The coverage of Au particles with Pd is given in monolayers (ML). 
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Alternative Electrocatalyst Support Materials for Polymer 
Electrolyte Fuel Cells: Semiconducting Oxides and Carbon 
Nanofibers 
Kazunari Sasaki, Fumiaki Takasaki, Yusuke Shiratori, Zhiyun Noda, Kyushu 
University, Japan 
1 Introduction 
Higher performance and long-term durability of electrocatalysts are essential for polymer 
electrolyte fuel cells (PEFCs), where electrocatalyst support materials act as a very important 
role. In this study, as alternatives to the conventional carbon black catalyst support, 
semiconducting oxides and carbon nanofibers have been applied. Colloidal impregnation 
procedure was applied to prepare highly-dispersed Pt catalysts on such support materials. 
2 Thermochemical Stability of Electrode Materials 
Thermochemical calculations were applied to derive pH-potential (Pourbaix) diagrams for 
almost all elements. Stable substances at 80 °C under the PEFC cathode condition are 
shown in Fig. 1. Among stable materials in strongly acidic environment at 1.0 V vs. standard 
hydrogen electrode, we can select elements including Sn, Ti, Nb, Ta, W, and Sb stable under 
PEFC cathode conditions. 
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Figure 1: Most stable substances under the typical PEFC cathode condition at 80 °C, derived 
from pH-potential diagrams thermochemically calculated. 
3 Carbon-free Pt Electrocatalysts Supported on SnO2 for PEFCs 
For PEFCs, the electrocatalysts in which Pt nano-particle are homogeneously distributed on 
carbon black (Pt/C) are widely used. However, fluctuation of cell voltage up to higher 
potentials can cause oxidation-induced carbon support corrosion especially for cathode 
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electrocatalysts. Our group has studied the electrocatalysts using oxide supports to solve 
these issues. Fig. 2 shows FESEM micrograph of the Pt electrocatalyst supported on SnO2. 
Pt nano-particles (with ca. 3 nm in diameter) were homogeneously distributed on the support 
material. Pt/SnO2 electrocatalyst is relatively stable in the PEFC cathode environment, and 
has the electrochemical property comparable to Pt/C [1]. Further modification in the 
electronic conductivity of SnO2 may be expected by doping with hypervalent (e.g. Nb5+) or 
hypovalent (e.g. Al3+) ions. In this study, electrocatalysts with different oxide supports 
including Pt/SnO2, Pt/Sn0.95Nb0.05O2, Pt/Sn0.98Nb0.02O2 and Pt/Sn0.95Al0.05O2, were prepared 
and their nanostructure, electrochemical surface area (ECSA) and durability under high 
potential conditions were evaluated and compared. Voltage cycling up to 10,000 cycles 
between 0.6 and 1.3 VRHE was applied for the electrocatalysts. Fig. 3 indicates the ECSA of 
the electrocatalysts as a function of the number of cycles. In comparison with Pt/SnO2, 
Pt/Sn0.95Nb0.05O2 and Pt/Sn0.98Nb0.02O2 exhibited larger ECSA in the initial stage. The ECSA 
of Pt/C rapidly decreased down to nearly zero within 3000 times of voltage cycles. Carbon 
corrosion and agglomeration of Pt particles would be the main reasons of these phenomena. 
In contrast, Pt/SnO2-based electrocatalysts exhibited considerably longer durability 
compared to Pt/C [2]. Even after 10,000 times of voltage cycles, the carbon-free 
Pt/Sn0.98Nb0.02O2 electrocatalyst still has sufficient ECSA above 30 m2g-1. 
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Figure 2: FESEM micrograph of Pt/SnO2. Figure 3: ECSA vs. number of cycles in the 
potential range between 0.6 and 
1.3 VRHE. 
These results indicate that SnO2-based carbon-free electrocatalysts may improve long-term 
durability of PEFCs against voltage cycling [1-2]. 
I-V characteristics of single cells with Pt/C or Pt/SnO2 as the cathode catalyst are shown in 
Fig. 4, for which the identical preparation procedures and a simple MEA structure (e.g. 
without MPL) were applied just for comparison. Sufficient performance comparable to that of 
the conventional cell with Pt/C was achieved using Pt/SnO2 as a cathode catalyst. 
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Figure 4: I-V characteristics of a single cell using Pt/SnO2 as a cathode electrocatalyst, 
measured at 80 °C. For comparison, I-V characteristics of a cell using Pt/C as a 
cathode are also shown [1]. 
4 Pt electrocatalysts Supported on Various Carbon Nanofibers 
As the colloidal impregnation was useful to prepare highly-dispersed Pt electrocatalysts on 
carbon black and other support materials, this procedure was also applied for carbon 
nanofibers with various crystallographic structures illustrated in Fig. 5. Table 1 shows Pt 
crystallite size on various carbon nanofibers, determined by XRD. We have found that the 
colloidal impregnation was suitable for preparing nanocrystalline electrocatalyst particles on 
various carbon supports. 
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Cross section Cross section Cross section
 
Figure 5: Structures of tubular, herringbone and platelet carbon nanofibers. 
FESEM micrograph of Pt electrocatalysts supported on tubular carbon fibers (nanotubes) is 
shown in Fig. 6. Pt particles were a few nm in diameter, but their distribution was rather 
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inhomogeneous. It can be considered that high dispersion of Pt catalysts on carbon 
nanotubes was still difficult even using this colloidal process. Fig. 7 shows FESEM 
micrograph of Pt electrocatalysts supported on herringbone-type carbon nanofibers, in which 
their graphene plain is tilted ca. 45° from the fiber direction. It has been found that 
homogeneity of Pt distribution was improved, whereas no Pt particles existed on some parts 
of fiber surfaces. Fig. 8 shows FESEM micrograph of Pt electrocatalysts supported on 
platelet-type carbon fibers. We can clearly find that Pt particles are distributed 
homogeneously on the surface of this carbon fiber. This impregnation process was also 
applied to vapour-grown carbon nanofibers (VGCF). We have succeeded to prepare 
nanocrystalline Pt catalysts on the fibers of this type, as shown in Fig. 9 [3]. 
Table 1: Pt crystallite size measured by XRD peak broadening. 
Carbon support Crystallite size (nm) 
Carbon black (Vulcan) 3.4 
CNF-Platelet  3.3 
CNF-Herringbone 3.9 
CNF-Tubular 3.6 
VGCF 5.6 
 
Table 2 shows effective surface area of the Pt electrocatalysts, determined by CV. These 
well-dispersed Pt electrocatalysts possess comparable effective surface area to the catalyst 
on the state-of-the-art carbon support (Vulcan). Pt catalysts especially on VGCFs and on 
herringbone-type fibers exhibit higher effective surface areas. In addition, kinetically-
controlled current density of Pt catalysts on VGCFs and on herringbone-type fibers was also 
higher, compared to that on the other types of carbon fibers. In order to demonstrate the 
feasibility of Pt electrocatalysts supported on carbon nanofibers, PEFCs were prepared using 
such electrocatalysts. Fig. 10 shows the cross section of the electrocatalyst layers with 
VGCF support, exhibiting a typical microstructure with conductive fiber network and open 
porosity. We have obtained I-V characteristics of such PEFCs at 80 °C, exhibiting a high 
electrochemical performance, while long-term durability should be controlled and optimized 
because Pt nanoparticles on such carbon nanofibers tend to agglomerate. 
Table 2: Pt effective surface area measured by cyclic voltammetry. 
Carbon support Pt effective surface area / m2g-1 
Carbon black (Vulcan) 52.4 
CNF-Platelet  42.7 
CNF-Herringbone 56.7 
CNF-Tubular 49.7 
VGCF 68.3 
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Figure 6: FESEM micrograph of Pt 
electrocatalysts supported on 
tubular carbon nanofibers 
(nanotubes). 
Figure 7: FESEM micrograph of Pt 
electrocatalysts supported on 
herringbone-type carbon 
nanofibers. 
Figure 8: FESEM micrograph of Pt 
electrocatalysts supported on 
platelet-type carbon nanofibers. 
Figure 9: FESEM micrograph of Pt/C (VGCF) 
electrocatalysts prepared via 
colloidal impregnation. 
Figure 10: FESEM micrograph of Pt/C (VGCF) porous electrocatalyst layer, with highly-
conductive network structure and open porosity. 
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5 Summary: Electrocatalyst Design from Catalyst Support Materials 
Among (semi)conducting oxides, (relatively inexpensive) SnO2-based oxides exhibit a 
satisfactory durability against voltage cycling, so that such materials may be applied as 
alternative catalyst support materials, in order to improve the durability of PEFC systems. 
Other oxides may be interesting to be tested in a future. Carbon nanofibers are also 
interesting materials as catalyst supports to prepare electrocatalyst layers with highly-
conductive network structure and open porosity, for which the catalyst support stability and 
the homogeneous dispersion of Pt nanoparticles should be simultaneously optimized. 
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Cell Resistances of ABPBI-Based HT-PEFC-MEAs:  
Time Dependence and Influence of Operating Parameters 
W. Lehnert, K. Wippermann, C. Wannek, Institute of Energy Research - Fuel Cells 
(IEF-3), Forschungszentrum Jülich GmbH, 52425 Jülich, Germany 
Abstract 
Time-dependent measurements of cell impedance of a HT-PEFC based on ABPBI were 
performed at constant frequencies close to the high-frequency (h.f.) intercept of the 
corresponding Nyquist plots with the real axis. The h.f. impedances approximate the ohmic 
resistance of the cell and they decrease, when current (140 mA/cm²) is switched on. Steady 
state values are attained after 10 minutes. Vice versa, when current is switched off (OCV), 
the h.f. impedances instantaneously increase but reach steady state values only after about 
1 hour. These values rise with increasing gas flow rates. The results are discussed in terms 
of hydration/dehydration processes, changing the equilibrium between orthophosphoric and 
pyrophosphoric acid and thus the conductivity of the electrolyte as well as the mobility of 
molecules and charge carriers. Impedance spectra were recorded after each time-dependent 
measurement under OCV conditions. The fit of these impedance data based on an 
equivalent circuit revealed ohmic resistances corrected by h.f. inductances and low 
frequency impedances associated with the cathode oxygen exchange reaction. The charge 
transfer resistances deduced from the low frequency impedances strongly depend on both 
air and hydrogen flow rates. 
1 Introduction 
Most of today’s high temperature cells (HT-PEFCs) rely on membrane electrode assemblies 
(MEAs) with phosphoric acid absorbed in PBI (= poly(2,2’-(m-phenylene)-5,5’-
bibenzimidazole) as electrolyte [1]. Recently membranes based on the chemically related 
ABPBI (= poly(2,5-benzimidazole) have emerged as a promising alternative [2-4]. Various 
aspects of the steady-state cell impedance of HT-PEFCs based on PBI as membrane 
polymer at different operating conditions have already been reported in the literature (e.g. [5-
7]). The influence of water activity on the steady-state conductivity of the electrolyte [8,9] as 
well as the distribution of phosphoric acid within the membrane electrode assembly (MEA) 
[10,11] are intensively studied at present. We will not only discuss the influence of several 
testing parameters on the cell resistance of a MEA based on ABPBI instead of PBI, but we 
will also turn our attention to its time dependence after changes of the operating conditions. 
2 Experimental 
MEAs (A = 14.4 cm2) have been assembled from ABPBI membranes (FuMA-Tech) and gas 
diffusion electrodes (~1 mg Pt/cm2) produced in-house which have been impregnated with 
appropriate amounts of phosphoric acid [4]. They have been characterized in a single cell 
using pure hydrogen and air at ambient pressure as the reactants. Under these conditions 
reasonable power densities of ~250 mW/cm2 are obtained at T = 160 °C [4]. We have 
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deduced the time-dependent ohmic resistances from impedance measurements using a 
symmetric two electrode configuration. The experiments were run at a predefined frequency 
of 5-10 kHz close to the high-frequency intercept of the corresponding Nyquist plots with the 
real axis. Two hours prior to the beginning of the time dependent measurements during 
which the current density was changed from j = 0 to 140 mA/cm2 and vice versa at 160 °C 
the cell was switched to OCV and the hydrogen and air flow rates were changed from 
λAnode/Cathode = 2/2, to the values used for the respective experiment (λH2 = 2/4/6, λair = 2/4/6). 
In case of OCV measurements, the indicated air and hydrogen stoichiometries refer to the 
corresponding flow rates at a current density of 140 mA/cm². Additionally, impedance spectra 
were performed after the end of each time-dependent experiment in a frequency range of 
10-2 – 104 Hz under OCV steady state conditions. The a.c. signal voltage amplitude was 
always ± 10 mV. The impedance spectra were fitted on basis of an equivalent circuit (see 
Fig. 2) using the EQUIVCRT 3.0 Software written by B.A. Boukamp [12]. From the fit data, 
corrected data of the ohmic resistance, RΩ, could be obtained. In the following, the original 
impedance values will be denoted as R’Ω (‘ohmic resistance’) and the corrected fit data of the 
ohmic resistance will be indicated as RΩ. All the impedance measurements were performed 
with an IM 6 unit of Zahner Elektrik. 
3 Results and Discussion 
Fig. 1 shows the time dependent behaviour of the ‘ohmic resistance’, more precisely the high 
frequency impedance at constant frequency at Im(Z) part of almost zero, for three different 
air flow rates. The initial values of 250 - 300 mΩcm2 under OCV conditions drop down within 
10 minutes to about 200 mΩcm2 when a current of 140 mA/cm2 is switched on. The ‘ohmic 
resistance’ reaches steady state values, which shows only a weak dependence on the air 
flow rate. These results can be explained by the production of water in the cathode, which 
increases the conductivity of the electrolyte by increasing the amount of free phosphoric acid 
compared to its less conductive dehydration products (mainly pyrophosphoric acid H4P2O7) 
[13] in the electrodes (especially the cathode) and the membrane. After 3 hours of operation, 
the current was turned off. The instantaneous increase of the ‘ohmic resistances’ indicates a 
more or less reversible hydration / dehydration process. Indeed, it takes the resistances 
about 1 hour, to reach steady state values during the dehydration process under OCV 
conditions. A simple explanation for the much faster hydration process is the in situ water 
production at the cathode, compared to the slow removal of water by diffusion processes in 
case of dehydration process. The steady state values of the ‘ohmic resistances’ under OCV 
conditions exhibit a significant increase with rising air flow rate. This effect is even more 
pronounced if hydrogen flow rate is also enhanced. These results are consistent with the 
idea of a dehydration process, which should be promoted by increased gas flow rates at both 
electrodes. 
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Figure 1: Time dependence of the cell resistance after changing the current density from 
j = 0 to 140 mA/cm2 and vice versa at 160 °C; Variation of λair = 2/4/6; λH2 = 2 
(constant). 
Besides current density and gas flow rates, cell temperature and humidity of supplied gases 
should play an important role in the hydration / dehydration process. In future experiments, 
the influence of these parameters has to be investigated in more detail. First measurements 
with humidified fuel gas reveal a reversible 10% decrease of the ohmic resistance in 
presence of 5 vol.% H2O in H2 compared to dry hydrogen. This result supports again our 
reasoning based on a reversible hydration / dehydration process. 
After each time dependent measurement, impedance spectra were recorded under OCV 
conditions in the frequency range of 0.01 Hz to 10 kHz. Fig. 2 shows a Nyquist plot of the 
MEA impedance at different flow rates of air and hydrogen. The indicated air and hydrogen 
stoichiometries refer to the corresponding flow rates at a current density of 140 mA/cm². 
Measured values are marked by closed symbols and fit data are indicated by lines and open 
symbols. The fit values were obtained by using the equivalent circuit shown in Fig. 2. The 
measured values and selected fit data are summarized in Table 1. 
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Figure 2: Nyquist plots of the MEA impedance under OCV conditions; T = 160 °C; Variation 
of λair / λH2; measured values: closed symbols, fit values: lines and open symbols; 
frequency range: 10-2 – 104 Hz; AC amplitude: 10 mV. 
 
Table 1: Ohmic/ charge transfer resistances obtained from impedance measurements (see 
Figs. 1&2). 
λair / λH2 ‘Ohmic resistance’: 
Re(Z) @ -Im ≈ 0 / 
mΩ cm² 
Impedance 
Spectra: 
Re(Z) @ -Im = 0 /
mΩ cm² 
Fit of impedance 
spectra: 
ࡾષ~ mΩ cm² 
Fit Code: 
RΩL(R2Q2)(R3Q3)(RctQ4) 
Fit of 
impedance 
spectra: 
ࡾ܋ܜ~mΩ cm² 
2 / 2 272 272 248 3010 
4 / 2 289 288 252 4360 
4 / 4 306 307 263 4020 
6 / 2 311 307 267 6440 
6 / 6 333 336 289 5360 
 
In a first approximation, limiting mass transport processes under OCV conditions and 
limitation of hydrogen reaction rate can be neglected. Under these assumptions, the large 
semi-arc at medium and low frequencies (see Fig. 2) is mainly attributed to the charge 
transfer resistance, Rct, of the oxygen exchange reaction. If air flow rate is enhanced (λ=2 to 
λ=6) at constant hydrogen flow rate (λ=2), Rct increases from 3.0 to 6.4 Ωcm2 (see Table 1 & 
Fig. 2). Interestingly, this effect is slightly diminished, if hydrogen flow is also increased, i.e. 
hydrogen and air stoichiometries are equal: In this case, Rct increases from 3.0 to only 
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5.4 Ωcm-2 (see Table 1 & Fig. 2). On basis of the results presented here, the following 
tentative explanation may be given: If air flow rate is increased, the water content of the MEA 
decreases and the amount of pyrophosphoric acid in the equilibrium between 
2 H3PO4 ↔ H4P2O7 + H2O(g) increases. For this reason, the proton conductivity of the MEA 
decreases, causing a decrease of catalytic activity especially in the outer part of the cathode. 
Because the solubility of oxygen in H3PO4 is much lower than in water [14], the oxygen 
concentration nearby the platinum catalyst decreases, in spite of the higher air flow rate. 
Both effects decrease the exchange current density of the oxygen equilibrium reaction and 
thus increase the charge transfer resistance, Rct, as observed. By increasing the hydrogen 
flow rate, more hydrogen permeates from the anode through the membrane to the cathode. 
Although hydrogen ‘consumes’ a part of the oxygen which is present at the cathode, the 
increased formation of water causes a much better solubility of oxygen and a more thorough 
wetting of the inner surface of catalyst layer, leading to an enhanced oxygen concentration 
respectively a higher activity of the cathode. Hence, the exchange current density of the 
oxygen equilibrium reaction increases and Rct decreases. 
4 Conclusions 
It turns out, that time dependent measurements of cell impedance at different operating 
conditions are crucial since they provide a valuable insight into the hydration / dehydration 
processes of HT-PEFCs. We attribute the fact that high water production by the fuel cell 
reaction, high water insertion, and its low removal by the gas flows (i.e. the water content in 
the cell) lowers the ohmic resistance to the increasing amount of mobile H3PO4 in the 
electrolyte. The hydration process is fast because of the water production inside the cathode, 
compared to the slow removal of water by diffusion processes through the gas diffusion layer 
into the channel. In general, ohmic resistances become small when (a) the current density is 
increased, (b) the gas flows are reduced, (c) the cell is run at elevated temperatures, and 
(d) when the fuel gas is humidified. Furthermore, the hydration / dehydration processes are 
believed to influence the local distribution of free phosphoric acid in the cell and thus local 
physico-chemical properties of the HT-PEFC, like proton conductivity, oxygen gas solubility, 
and inner active surface of the electrodes. For future studies, it is therefore important to 
investigate the local distribution and composition of the phosphoric acid electrolyte 
depending on the operation conditions of HT-PEFC in more detail. 
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Ongoing Efforts Addressing Degradation of High 
Temperature PEMFC 
Jens Oluf Jensen, Qingfeng Li, Chao Pan, Niels J. Bjerrum, Department of 
Chemistry, Technical University of Denmark, Denmark 
Hans Christian Rudbeck, Thomas Steenberg, Danish Power Systems ApS, 
Denmark 
1 High Temperature PEM Fuel Cells 
Proton exchange membrane fuel cells (PEMFC) for operation at temperatures above 100 °C 
have in recent years attracted increased attention as an alternative to conventional PEMFC 
based on humidified perfluorosulphonic acid membranes [1]. The reasons for aiming at a 
higher working temperature are increased tolerance to fuel impurities like carbon monoxide 
[2], the absence of liquid water, higher value of excess heat [3] and higher temperature 
gradients for cooling, which all lead to simpler and less costly system architecture. In order to 
operate the cell at temperatures over 100 °C electrolyte membranes less dependent of high 
water content must be developed and applied. There have been many attempts to develop 
such high temperature membrane materials (as reviewed [4]) and the most successful one is 
the phosphoric acid doped polybenzimidazole (PBI) membrane originally invented in the 
nineties at Case Western Reserve University [5]. There are many variants of PBI and the 
most common is poly (2,2´-m-(phenylene)-5,5´-bibenzimidazole) also called meta-PBI, m-PBI 
or often simply PBI (see Figure 1). The polymer itself is not a proton conductor, but when 
doped with a significant amount of phosphoric acid it gains conductivity comparable to the 
perfluorosulphonic acids traditionally used in PEMFC. However, one important difference is 
that the conductivity is still high if the cell is operated without humidification and the cells can 
be operated at higher temperature. 
 
Figure 1: PBI, poly (2,2´-m-(phenylene)-5,5´-bibenzimidazole). 
2 State-of-the-art for Lifetime and Degradation of High Temperature PEMFC 
The high temperature PEMFC (HT-PEMFC) system has reached a state of development 
where durability becomes a key issue. The PBI based PEMFC can be seen as a hybrid 
between the conventional PEMFC and the phosphoric acid fuel cell (PAFC) because it has a 
membrane as well as phosphoric acid in the electrolyte. The electrodes are similar in all 
three cases with the catalysts being platinum on carbon. It can therefore be expected that 
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many of the degradation mechanisms known from both PEMFC and PAFC will be found with 
the PBI based HT-PEMFC. The literature on HT-PEMFC degradation is still limited but 
growing. The authors group published early durability results at different temperatures in 
2003 [6]. The experiments (Figure 2) indicated that performance was most stable at 
temperatures of 150 °C or lower while a fast performance decay was seen at temperatures of 
180 and 200 °C. Selected durability results reported are collected in Table 1. It shows that 
the longest lifetimes are demonstrated at 150 – 160 °C. 
Different lifetime targets are set for different applications and by different authorities or 
stakeholders, but it is normally considered fair to say that for stationary applications like 
combined heat and power production it is over 40,000 hours at constant load with only few 
start-ups. For vehicles, only 5,000 hours should do, but at dynamic load and with multiple 
start-ups. 
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Figure 2: Early durability results. Constant voltage: 0.5 V, Pt loading: 0.5 mg cm-2, 
reactants: H2/O2 at 1/1 bara, electrode area: 4 cm2. Re-plotted after [6]. 
Table 1:  Selected single cell lifetime results from the literature. Some experiments 
proceeded after the hours listed. Most reported experiments have been carried out 
at 150 – 160 °C, and the most commonly used cell is Celtec-P 1000 from BASF. 
Temperature Lifetime Degradation Cell from 
80 °C 1,000-1,500 h 14-45 μVh-1 Benicewich, modified PBI 
120 °C 3,500-13,000 h 6.3-? μVh-1 DTU, BASF (longest) 
150 °C 5,000-10,000 h n.a. Fumatech, ABPBI (longest) 
160 °C 5,000-18,000 h 5-25 μVh-1 Jülich or BASF (longest) 
180 °C 2,000 h 26-? μVh-1 BASF or DTU 
200 °C 1,000 h n.a. DTU 
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3 Failure Modes 
A PEMFC is a complex structure with multiple internal functionalities and it is obvious that 
many things can go wrong. A substantial review is given by Borup et al. [7]. Degradation is 
often described externally as a voltage decay rate (μVh-1) at constant current load. From this, 
extrapolations to lifetimes are sometimes made, but in many case another failure mode like 
membrane collapse becomes the limiting factor. The gradual decay is often assigned to 
catalyst coarsening or corrosion and catalyst substrate corrosion. Membrane failure can be 
due to mechanical stress or chemical attack in the form of oxidation. In the HT-PEM system 
acid loss seems not to be as big a problem as in PAFC. This is probably because the long 
term experiments are carried out at 150 – 160 °C which is significantly lower than for PAFC 
(~200 °C). In the following examples of results with membrane oxidation and catalyst 
degradation from the authors group are given. 
4 Oxidative Degradation of the PBI Membrane 
A well known test for oxidative stability of polymers is the Fenton test in which the membrane 
is kept in a solution of H2O2 and Fe2+/Fe3+ ions. It is debated to which extent the test is 
relevant or too harsh. In this work it is seen as an accelerated test that will show relative 
stability of selected polymers. The Figures 3 to 6 show oxidation results of different polymers 
as explained in the figure texts. Nafion is included for comparison. It is common knowledge 
that hydrocarbon polymers are more sensitive to oxidation than per-fluorinated polymers. 
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Figure 3: Fenton oxidative testing of Nafion and PBI with different molecular weights as 
indicated. The experiment indicates a strong dependency on molecular weights. 
 
Proceedings WHEC2010 117
 N
H
N
N
H
N n
CF3
CF3j  
N
H
N
N
H
N n
S
O
Oh
Figure 4: Structures of F6-PBI (left) and SO2-PBI (right) [8]. 
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Figure 5: Fenton oxidative testing of Nafion, F6-PBI and SO2-PBI (see Figure 4). 
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Figure 6: Fenton oxidative testing of PBI cross-linked to different extents by p-xylene 
dibromide [9]. 
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It can be concluded that it is possible to increase the lifetime of the polymers in H2O2. 
However, the dependency on molecular weight seen in Figure 3 was somewhat unexpected 
since the chemistry of the polymer is unchanged. It points in the direction of endpoint attack, 
but there is no solid conclusion yet. A spectroscopic study is in progress by the authors 
group. The results on modified PBI are also promising, but they don’t show whether the 
improvement is due to the chemical modification or simply the molecular weight. 
5 Carbon Support Oxidation 
A series of accelerated carbon oxidation tests were performed on the carbon supported 
catalyst by voltage cycling. The voltage was cycled between 0.9 and 1.2 V, 3 min per cycle 
for 17 hours. After a rest period of 6 – 7 hours at 0.5 V a polarization curve was measured. In 
Figure 7 the performance at 0.5 V is plotted as a function of potential cycles. It can be seen 
that the standard catalyst support materials, Vulcan XC 72R and Ketjen black as well as 
HISPEC and Ensaco are most seriously affected, while the graphitized Vulcan XC 72R 
degrade much slower. The longest lasting candidate is a special corrosion resistant catalyst 
from Johnson Matthey. There was no detailed information on it available. In all cases the 
degradation was understood as a loss of active area. This can be caused by detachment due 
to the support corrosion, but platinum particle growth was also seen by line broadening in X-
ray diffraction. 
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Figure 7: Results of potential cycling of Pt catalysts on different carbon supports. Open 
markers refer to standard supports (Vulcan XC 72R, Ketjen black and trademarks). 
Filled markers are Pt on partially graphitized Vulcan XC 72R. The uppermost curve 
with thick line is for a special Johnson-Matthey product. 
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Characterization of Membranes for Fuel Cell Applications: 
Challenges in Translating Ex-situ Properties into In-situ 
Performance 
Oliver Conradi, 3M Fuel Cell Components Program, Neuss, Germany 
1 Introduction 
For automotive or stationary applications of PEM fuel cells several advantages result by 
operating under elevated temperature (> 100 °C) and low relative humidity (< 35 %) 
conditions, such as more efficient heat and water management, higher reaction rates and 
improved tolerance against catalyst poisoning. However, under these conditions dehydration 
and degradation of state-of-the-art PFSA membranes result in an enhanced loss of 
conductivity and cell performance. For this reason novel membrane concepts (e.g. composite 
membranes with inorganic additives) as well as more specific and reliable test schemes are 
needed to reflect the fuel cell operation under hot and dry conditions. 
This paper addresses different material concepts with respect to low rH / high temperature 
conditions. Furthermore specific considerations from an MEA manufacturer’s perspective in 
applying characterisation techniques, designing efficient test protocols to identify membrane 
materials with improved properties and translating ex-situ data into in-situ performance will 
be discussed. 
An integrated test scheme for composite membranes can be subdivided in ex-situ and in-situ 
experiments. 
(a) Determination of intrinsic membrane properties in ex-situ experiments such as ionic 
conductivity by impedance spectroscopy (EIS), mechanical properties by dynamic 
mechanical thermal analysis (DMTA) under humidity cycling protocols, accelerated aging by 
Fenton’s Test, electrochemical stability and mobility of inorganic additives by cyclic 
voltammetry. 
The data from those tests supports the screening of membrane materials and suitable 
candidates are identified for more complex in-situ experiments. 
(b) In-situ experiments with membrane-electrode-assemblies in a single test cell are standard 
protocols to test performance as against reference MEAs (e.g. based on a design with a 
catalyst coated GDL), protocols reflecting hot and dry operating conditions to gather 
performance data relative to standard materials and specific protocols aiming at accelerated 
aging. To investigate membrane specific failure modes in-situ experiments have to be 
accompanied by several diagnostic tools, such as cyclic or linear sweep voltammetry to 
measure hydrogen crossover, electrical shorts and stability of inorganic additives. Hydrogen 
pump can be used to monitor DC membrane resistance.  
Lifetime and durability are critical issues in fuel cell systems. In useful lifetimes the 
membrane-electrode-assembly (MEA) is the most limiting component of such systems. In 
order to develop materials with enhanced lifetime and better durability a sound 
understanding of failure modes such as membrane thinning and catalyst degradation during 
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fuel cell operation is needed. Hence the application of accelerated aging tests and life time 
models are important tools in the development of membrane-electrode-assemblies. 
2 Membrane Concepts 
The state-of-the-art proton exchange membrane (PEM) materials for fuel cells are based on 
perfluorinated sulfonic acids (PFSA). The limitation to operate those PFSA-based PEM-fuel 
cells under low relative humidity or even without external humidification is mainly based on 
the fact that proton conductivity of the membrane will decrease significantly. That restriction 
is the main driver for developing novel membrane materials. Besides conductivity those 
materials have to fulfil various other properties: 
 high proton conductivity  
 low electrical conductivity 
 low H2 and O2 crossover, but high enough oxygen solubility to allow good cathode 
ORR reaction 
 good water permeability / diffusivity 
 oxidative and hydrolytic stability 
 mechanical integrity and dimensional stability 
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Figure 1: Influence of different material approaches on proton conductivity. 
The scheme in Figure 1 shows how different material concepts could address an increase in 
proton conductivity as a function of relative humidity (or inverse temperature at constant dew 
point). Increasing the number of acid groups - reducing the equivalent weight at a given 
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molecular weight - would shift the proton conductivity to higher values however with the 
same sensitivity towards relative humidity expressed by the slope of the plot. By enhancing 
water retention and / or increasing the acid strength also the slope of the σ-rH-characteristic 
could be addressed. 
Reducing the equivalent weight at a given molecular weight however will be accompanied 
with a lower degree of crystallinity and the membrane will compromise in its mechanical 
properties and integrity. The solubility increases with lower equivalent weight where the 
crystallity goes to zero and many mechanical properties parallel this effect. The experimental 
data in Figure 2 shows the proton conductivity for two different humidity conditions (T = 80 
°C, DP = 80 °C and T = 120 °C, DP = 80 °C) as a function of equivalent weight. 
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Figure 2: Proton conductivity for PFSA-based membranes as a function of equivalent weight 
(EW). 
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Experience in Stack Development for High Temperature 
PEM Fuel Cells 
P. Beckhaus, J. Burfeind, G. Bandlamudi, A. Heinzel, Zentrum für 
BrennstoffzellenTechnik ZBT GmbH, Germany 
1 Introduction 
High temperature PEM fuel cells (HT PEMFCs) offer tremendous flexibility when used as 
energy converters in stationary as well as mobile power devices. Coupling HT PEMFC 
stacks with fuel processors which use liquid as well as gaseous fuels to generate hydrogen 
rich gas is a promising prospect which paves the way for a possible hydrogen economy. One 
core challenge of the integration of these membranes operated at approx. 160 °C is the 
realization of stable and producible fuel cell stacks. 
Within several research projects various innovative stack designs with different active areas 
(28 cm2, 50 cm2 and 200 cm2) have been developed, constructed and operated at ZBT. 
Realized solutions for cooling structures, fuel channels, gasket technologies and the stack 
assembly are derived from these experiences. Furthermore operational results of these 
stacks and system solutions are being summarized. 
2 High Temperature PEM 
High temperature PEM fuel cells (HT PEM) can be operated in the temperature range 
between 130 °C and 200 °C and offer a number of potential advantages compared to low 
temperature PEM fuel cells (LT PEM), e.g., high CO tolerance, no need for humidification of 
reactant gases, and simplified heat management of the fuel cell system. The fuel cell 
research centre ZBT GmbH (“Zentrum für BrennstoffzellenTechnik”) has started 
development work for small scale HT PEM fuel cell stacks in 2004, based on commercially 
available MEAs (Membrane Electrode Assemblies) of different suppliers. This technology 
offers a variety of potential advantages such as simplified system management, water 
management and adaptability to fuel reformers. 
Comparing the efficiencies of the single fuel cell of a LT PEM and a HT PEM surely the 
HT PEM shows a slightly poorer performance. Neither the voltage stability nor the maximal 
current densities today reach the values of the classical PEM technology. Nevertheless 
comparing full system efficiencies of reformer based systems the HT PEM proves a better 
performance and offers the reduction of significant system components such as gas 
purification and humidification and in parallel an increase of operational stability of the fuel 
cell stack and the overall system. 
But integration of a HT PEM MEA into a long term stable fuel cell stack environment and 
integration of this stack into a complete working system is yet another challenge. 
Identification of stack and system materials is a critical issue as long term and even short 
term operation of fuel cell stacks have proven [1]. This results in high material costs for the 
components of the fuel cell stack, namely MEA, bipolar plate, gasket and also the endplate 
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setup, all have to stand the high temperatures as well as the complex electrochemical and 
chemical cell environment. 
3 First Approaches in HT PEM Fuel Cell Stack Construction and Operation 
Starting 2004 ZBT has constructed first single cells and fuel cell stacks based HT PEM 
MEAs which at that time had been provided by PEMEAS GmbH, now BASF Fuel Cell GmbH. 
Based on the well proven LT PEM fuel cell stack design a 50 cm2 approach was chosen, 
using milled graphite bipolar plates and foamed gaskets. As results of stack manufacture as 
well as cell and stack operation it became obvious that not only the temperature stability of 
the used materials is critical. A single cell was operated for 3000 hrs showing a good 
performance in principle but still a significant voltage decrease. In post mortem analysis the 
cell components were analysed, the bipolar plates surface deterioration was negligible, no 
cracks were to be identified and the electrical conductivity as well as the gas tightness was 
still comparable to the starting point. Also the MEA did not show any visible changes. 
Surprisingly a significant part of the increased cell resistance was identified to be caused by 
the gold plated copper current collectors: The gold plating was diffused during the high 
temperature operation resulting in conductivity deterioration. During cell operation 
furthermore the product water was analysed, here carbon particles were found to be usually 
< 1 mg/litre, Pt particles were found to be < 0,003 mg/litre and traces of phosphoric acid were 
found at 0,2 μg/m2/s (peak: 0,44 μg/m2/s). 
 
 
Figure 1: Single cell components after 3000 hrs of 
operation. 
Figure 2: 50 cm2 single cell (2006). 
As result of the experience of this and other experiments also with respect to operation 
regimes, short and long stacks were to be manufactured and operated. A first milestone was 
the realization of a 12 cell stack which was constructed for the Boreskow Institute of catalysis 
in Novosibirsk (BIC). This stack was manufactured and proved a comparable performance 
even under different media supply at ZBT and BIC. Even after laboratory and development 
use, long storage times (about 1 year) and further transportation still very stable performance 
was reported. 
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Figure 3: 12 cell stack operation at different test setups and feeding gases. 
4 Micro Fuel Cell Stack 
On the basis of the described pre-work in 2006 a joint research project was initiated to 
design and construct a compact 140 Wel HT PEM fuel cell stack to be integrated into a 
methanol reformer setup [2]. The aim of the overall project was the development of an 
efficient and robust portable power generation device applying methanol as fuel with an 
electrical net power output of 100 Wel. ZBT for this purpose has developed a 24 cell air 
cooled compact, lightweight HT PEM-stack. Different flow-field geometries were designed 
and optimized regarding pressure drop and performance, active area of the cell geometry 
was 27,6 cm2. During the project a concept for HT PEM suitable gaskets was developed 
based on injection moulded FKM materials. Finally the stack was coupled to a methanol 
reformer and both integrated into system environment. In co-operation with project partners a 
system control concept was developed and integrated into the test stand control system. 
Laboratory equipment was replaced by low cost peripheral components stepwise and 
automated operation of the system was established. A coupled reformer HT PEM stack 
system could thereby be demonstrated. 
The main new approach for the stack development was using single peace bipolar plates 
with external cooling fins. Instead of the classical approach of two bipolar half plates 
integrating cooling structures on the back side of the active area of a fuel cell, the approach 
utilizes the good thermal conductivity of the bulky graphite compound material (Schunk 
FU4369). The generated heat is transferred to the cooling fins. By alternating the position of 
the fins an effective cooling is secured. Simulations using multiphysics software COMSOL 
[3,4] have first been used to verify the concept which has finally also been approved by real 
stack and system performance tests. The fin technology was also successfully used for the 
heating process at stack start-up: exhaust gas and hot air was blown past the stack and the 
fins resulting in start up times of approx. 15 min for the fuel cell stack. 
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 Figure 4: Simulation of the temperature profile 
using external cooling fins and 
moderate air flows. 
Figure 5: 27,6 cm2 active area bipolar 
plate based with cooling 
fins. 
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Figure 6: Performance curves of 24 cell stack / 27.6 cm2. 
5 Air Cooling versus Liquid Cooling 
As described above air cooling of HT PEM fuel cell stacks is suitable using internal cooling 
structures or external cooling fins. The external concept was adapted again to the standard 
50 cm2 stack design and HT PEM fuel cell stacks have been constructed for industrial 
partners based on different commercial MEA. The stack concept thereby has proven to be 
functional also for power ranges up to at least 500 Watt. 
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Furthermore special applications demand the liquid cooling for efficient heat integration into 
the applications. Fuel cell stacks with liquid cooling have been designed and demonstrated 
with additional inserted cooling plates [5]. As it is necessary to keep cooling media suitable 
for operation at 160 °C (e.g. thermo oil) strictly away from the MEA an approach based on 
laser sintered metallic heat exchanger plates was chosen. By laser sintering three 
dimensional components can be produced integrating cooling channels; every fifth bipolar 
plate one cooling plate has to be integrated additionally into the stack. The concept has been 
proven to be suitable for heat integration topics regarding HT PEM fuel cell stacks. 
Nevertheless the effort for producing the cooling plates and the parallel connection of the 
plates to the cooling circuit is high. A single port solution transferring the cooling media 
through the fuel cell stack would be more beneficial. As gaskets do not guarantee a full 
tightness against cooling oils alternative cooling media have to be identified to realize low 
cost liquid cooled HT PEM stacks. 
 
  
Figure 7: Laser sinter cooling plate 
(3D design). 
Figure 8: Cooling plates integrated into 50 cm2 
(active) 28 cell fuel cell stack. 
6 Conclusion 
High temperature Membrane Electrode Assemblies (MEA) do have high benefit for fuel cell 
applications. Systems either powered by pure hydrogen or by hydrocarbons via reforming 
processes do run more stable operated at higher temperatures. But the integration of the 
MEA in fuel cell stacks demands high efforts regarding materials to be used for gaskets, 
bipolar plates and most other stack and system components. As the operating temperature is 
high air cooling is suitable even at extreme outside temperatures but increases the effort for 
start-up-heat integration. Liquid cooling is still a challenging topic as no contact between 
cooling media and MEA is acceptable. 
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Abstract 
Fuel cell systems are very attractive for stationary co-generation applications as they can 
produce heat and electricity efficiently in a decentralized and environmentally friendly 
manner. PEMFC stacks operating at temperatures above 120 °C, specifically in the range of 
140-180 °C, are ideal for co-generation purposes. 
In this study, preliminary results from a HTPEMFC stack designed for CHP applications is 
presented and discussed. A short, five-cell, HT-PEMFC stack was assembled with Celtec–P-
2100 MEAs and validated in terms of electrical performance. The stack was operated with 
hydrogen and air at 160 °C and the utilization curves for anode and cathode were recorded 
for a wide range of gas utilization at a current density of 0.52 A/cm2. The current voltage 
characteristic was measured at optimal utilization values at 160 °C. A 1 kW stack is 
assembled and is currently being validated for its performance under various operating 
conditions for use in CHP applications. 
1 Introduction 
A domestic combined heat and power (CHP) system, which is a replacement for 
conventional heating boilers, providing both heat and power is attracting considerable 
commercial interest. Among the competing technologies, fuel cells offer significant 
advantages and in fact fuel cell technology is ideal for CHP generation as it offers high fuel 
efficiency together with very low environmental impact [1, 2]. Fuel cells in the range of 
3 - 5 kW are appropriate for residential applications as it will be sufficient to cater for all the 
energy needs of a family. Among fuel cells, PEMFC, SOFC, AFC and PAFC have been 
regarded as potential candidates for CHP applications with PEMFC and SOFC at the 
forefront [2]. Recent developments in PEMFC technology, the HTPEMFC (operating above 
120 °C) has increased the potential of this technology for CHP applications. 
Development of HTPEMFC based CHP systems is part of the HySA Programme, a national 
hydrogen and fuel cell technology strategy in South Africa. In this paper, the work carried out 
by one of the three competence centres, HySA Systems, on the development of HTPEMFC 
stacks for CHP systems is presented. A five-cell short stack and a 1 kW stack was 
assembled and tested for gas utilization and performance. Currently experiments are 
underway to evaluate the performance in terms of electrical, thermal and combined 
efficiencies. Preliminary results on the gas utilization and performance of the stack is 
presented and discussed. 
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2 Experimental 
The experimental part of the work consists of two stages, namely the HT PEM fuel cell stack 
assembly and stack testing. 
2.1 Stack assembly 
In the construction of the HTPEMFC stack, the Celtec –P-2100 MEAs delivered by BASF 
were used. The thickness of the MEA was 884 µm and the active area of electrodes was 
96.04 cm2. The graphite bipolar plates with serpentine flow patterns were used to supply 
reactant gases to the electrodes. Silver coated current collectors were used to minimize 
contact resistance bipolar plates. An oil based external cooling/heating system was applied 
to avoid possible leaks during internal cooling which might cause MEA damage. The four 
pipes mounted on two sides of the stack allowed appropriate heating and cooling, ensuring a 
homogeneous temperature distribution along the bipolar plates. More detailed description of 
the external cooling system used is available elsewhere [3]. A picture showing the stack 
installed on the test bench is shown in Fig. 1. 
 
 
Figure 1: The view of 5-cell HT-PEMFC installed on the test stand. 1-Anode inlet, 2-Cathode 
inlet, 3-Anode exhaust, 4-Cathode exhaust, 5-Cooling/heating system inlet, 6- 
Cooling/heating system outlet, 7-Electrical connections. 
2.2 Testing station 
The performance tests of the stack were performed with the aid of testing station developed 
and available at ZSW. The testing station allowed control of all parameters, having influence 
on performance of the stack. More detailed description of the test bench is available 
elsewhere [4]. 
In addition to the standard test bench layout the high temperature circulator was used for the 
stack temperature control. The thermal oil was used in the high temperature system to heat 
up the stack to operation temperature at the start up and maintain proper temperature during 
1
2
3
4
5 
6 
7
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stack operation. Moreover, data were recorded with the aid of test stand built in data logging 
system and Yokogawa Data Acquisition Station. The latter was used to record single cell 
voltage and air outlet temperature. 
2.3 Stack testing 
The stack was evaluated in a test stand which allowed precise control of all the parameters 
expected to influence its performance. A detailed description of the test stand can be found 
elsewhere [4]. An AC Milliohmmeter was used to measure high frequency resistance at a 
frequency of 1 kHz which corresponds to the stack resistance closely related to water 
management and cell construction [5]. The stack was tested using pure hydrogen as a fuel 
that was supplied to the anode and air that was supplied to the cathode. Non-humidified 
gases at ambient pressure were supplied to both electrodes. Only air was preheated up to 
100 °C before entering the stack. The nominal operation temperature of the stack was set to 
160 °C. The utilization curves were recorded for various cathode and anode utilization levels. 
The cathode utilization curve was measured at cathode utilization level from 50% to 85% 
while anode utilization curve was recorded from 80% to 100% utilization range. Cathode 
utilization was changed at 5% steps while the anode was initially changed at 5% steps and 
2% steps for utilization levels higher than 90%. The polarization curve was then recorded at 
the nominal temperature and at 80% and 50% utilization level for anode and cathode 
respectively. A stabilization time of five minutes was applied for each utilization point for 
cathode utilization curve measurements and six minutes stabilization time for anode 
utilization curve measurements. 
3 Results and Discussion 
In this section of the paper preliminary testing results performed on a 5 cell HT-PEMFC are 
presented and discussed. 
3.1 Gas utilization curves 
The utilization curves of the stack were measured for the anode and cathode separately at 
0.52 A/cm2. When the cathode utilization curve was measured, the anode utilization was kept 
constant at 80%. When the anode utilization curve was measured, the cathode utilization 
level was kept constant at 50%. The single cell voltages for each cell, as well as high 
frequency resistance of the stack, were recorded during measurements. The average voltage 
value and resistances are shown in the Fig. 2 (a) and (b), for cathode and anode 
respectively. 
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Figure 2: The cathode (a) and anode (b) utilization curves. 
The initial value for high frequency resistance in both cases was about 6.33 Ohms. In Fig.2 
(a), it is seen that the average voltage starts to drop for each point of utilization for utilizations 
from 50% to 75% and the slope is steeper for utilizations above 75%. This allows us to 
conclude that for cathode utilization higher than 75%, mass transport effect starts to have a 
significant influence on the stack or average cell voltage. Further, the reason that no increase 
in high frequency resistance was noted during the above measurements shows that the drop 
in the voltage with increasing utilization value is due to mass transport limitations. For the 
following measurements the cathode utilization value was set to at 50%. The change of 
anode utilization (Fig. 2 (b)) on average cell voltage is not very influential on electrical 
parameters although the average cell voltage decreases with increasing utilization level from 
80% to 100%. The changes in high frequency resistance are negligible. For the following 
measurements the value of 80% anode utilization was used. 
3.2 Polarization curve 
The polarization curve of the stack was measured for the average single cell voltage ranging 
from 700 mV to 500 mV. The OCV was measured only for a few seconds to avoid 
degradation mechanisms to occur. A constant current was drawn during the measurements. 
For high currents, from 10 A to 60 A, a 5 A step with 2 minutes stabilization time was applied 
and for low currents, below 10 A, 2 A steps with the same stabilization time were used. The 
stack temperature during measurement was set to 160 °C. The anode and cathode utilization 
was 80% and 50% respectively. The minimum flow rates of the gases were kept at a value 
that is required by the stack to generate 0.2 Acm-2. In parallel to current and voltage 
measurements the high frequency resistance of the stack was measured and data is 
displayed in the Fig.3. 
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Figure 3: The polarisation curve of the 5 cell HT-PEM stack with active area of 96 cm². 
A stable stack performance was recorded during the measurements of the polarization curve. 
It was possible to generate more than 0.3 W/cm2 at current densities higher than 0.6 A/cm2 
and average cell voltage of 0.5 V. A total stack power of 150 W was generated at 
0.625 A/cm2 and 0.5 V average cell voltage. A sharp increase in the high frequency 
resistance was noted when the load was applied to the stack i.e., when the voltage was 
changed from OCV to 700 mV, most likely due to the internal membrane resistance expected 
at those voltages. The high frequency resistance decreased with increasing current density 
from the initial value of 15 Ohms (at 700 mV) to 6.33 Ohms (at 500 mV). 
A 1 kW stack has been built using similar components and stack design, and performance of 
the stack is currently being evaluated with respect to electrical and thermal output. 
4 Conclusion 
A HT-PEMFC short stack was assembled based on BASF Celtec – P-2100 MEAs. In the 
construction and evaluation of the stack, an external thermal oil based cooling system was 
applied. Experiments showed that the optimal anode and cathode utilization of gases was 
80% and 50% respectively. The electrical power density generated by the stack reached 
0.31 W/cm2, and an overall power output of 150 W was measured at 0.625 A/cm2 and 0.5 V 
of average cell voltage. Further test on extended version, up to 1 kW power fuel cell stack 
construction is underway with the aim to validate the stack for CHP applications in terms of 
both thermal and electrical and combined efficiency. 
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Modular Fuel Cell System 
Michael Brodmann, Martin Greda, University of Applied Sciences Gelsenkirchen, 
Germany 
1 Introduction 
The modular fuel cell system is a newly developed concept for self-sustaining energy supply 
of small consumers in the range up to 300 W. 
The main goal of the implementation was to design and provide effective and low-cost PEM 
fuel cell stacks which are hydrogen supplied and its balance-of-plant (BoP) components. 
The system is scalable, built in 30 W increments, in order to cover all power categories up to 
300 Watts. 
Great importance was attached to the construction of an insensitive and robust system, 
because the portable system should be able to operate under a variety of environmental 
conditions. 
The modular fuel cell system consists of a modular fuel cell stack, a modular designed 
electronic circuit board and a customizable BoP according to the total power/ overall 
performance. 
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Figure 1: The modular fuel cell system. 
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2 The Modular Fuel Cell Stack 
The modular fuel cell stack distinguishes itself from a standard fuel cell stack in two important 
features: 
1. the design of the fuel cells based on metal pole plates and 
2. the hydraulic compression of the fuel cell. 
The advantages of point 1 are obvious, metal pole plates are more robust than graphitic pole 
plates. In addition, the pole plates can be quickly molded by a molding press, which leads to 
a low cost fabrication. 
 
Figure 2: Section through a mono-cell. 
Figure 2 shows the smallest unit of the modular fuel cell stacks, the mono-cell (the fuel cell 
itself) consisting of two metal pole plates with integrated membrane-electrode assembly. 
 
This stack structure with parallel gas supply route and hydraulic compression has the 
advantage of been able to remove a damaged fuel cell quickly from the stack with minimal 
effort and without damaging the other units. 
 
 
Figure 3: Schematic representation of the modular fuel cell stacks. 
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In conventional fuel cell stacks an exchange of the fuel cell is often not possible because the 
plates are pressed or bonded with each other what leads to damage while disassembling. 
In the case of the modular fuel cell system the replacement of one cell is quite simply. 
For the structure of the modular stacks, see Figure 3. 
 
In order to perform a cell switch, the housing has to be relieve, which is easily done via a 
simple screw mechanism. 
Subsequently, the cover can be removed and the cell can be easily replaced. Evan a non-
specialist is able to replace a faulty fuel cell within minutes. The information regarding which 
cell has to be changed is displayed by the electronic circuit board! 
3 The BoP 
There are a variety of components such as valves, pumps etc. offered at the market, suitable 
for operation with hydrogen. However, the selection and integration of corresponding 
components are still a challenge. 
Great deal of importance was attached to the high availability of the BoP, which are applied 
in modular fuel cell systems and the system efficiency optimization. 
Since the fuel cell stack is scalable, BoP of the system has to be adapted depending on the 
system output power. 
The appropriate platform for an individual adjustment is realized by standardized housing 
and mounting fixtures. 
4 The Modular Electronic Circuit Board 
In order to supply a load with electrical energy efficiently, an electronic circuit board is 
required in addition to the fuel cell BoP, which has to provide a stable output voltage by an 
optimized efficiency. 
Especially for this purpose, a two-stage DC / DC converter was designed. It is possible to 
operate a second fuel cell stack in addition to the main stack at the entrance of the DC / DC 
converter. The second-stage of the switched power amplifier offers an efficient increase of 
the DC voltage to output voltage level, as well as electrical galvanic separation. 
The output voltage of the DC / DC Converter is, by the way, adjustable to the needs of the 
load. 
In addition, the galvanic separation allows switching the output of a further modular fuel cell 
system in series, thus doubling the output voltage is possible. 
It is also apparent that great value was attached to a high degree of modularity and flexibility 
while designing the system. 
Another essential element is the control board, which constitutes the controlling “heart” of the 
whole system. Especially for this purpose a microcontroller board was developed. This board 
has high power outputs for the BoP, such as the pumps and the magnetic valves. All the 
control and automation interventions are initiated by the microcontroller. 
In addition, the control unit supervises the fuel cell stack, for example, individual cell voltages 
are continuously read. Thus, the real functions of the fuel cell are monitored and if 
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necessary, a message will be displayed. Finally, on this board the monitoring as well as the 
communication with the external monitoring point are possible. In this way an online 
monitoring is possible for a given network connection or GSM. 
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Preparation and Characterization of Nafion/ Titanium 
Dioxide Nanocomposite Membranes for Proton Exchange 
Membrane Fuel Cells 
Inci Eroglu, Yılser Devrim, Serdar Erkan, Middle East Technical University Dept. of 
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Nurcan Bac, Yeditepe University Dept. of Chemical Engineering Istanbul, Turkey 
Abstract 
In the present study, Nafion/Titanium dioxide (TiO2) nanocomposite membranes for use in 
proton exchange membrane fuel cells (PEMFC) were investigated. Nafion/TiO2 membranes 
were prepared using the recasting procedure. The composite membranes have been 
characterized by thermal analysis, XRD, SEM, proton conductivity measurements and single 
cell performance. Thermal analysis results showed that the composite membranes have 
good thermal properties. The introduction of the inorganic filler supplies the composite 
membrane with a good thermal resistance. The physico-chemical properties studied by 
means of scanning electron microscopy (SEM) and X-ray diffraction (XRD) techniques have 
proved the uniform and homogeneous distribution of TiO2 and the consequent enhancement 
of crystalline character of these membranes. The energy dispersive spectra (EDS) analysis 
indicated that the distribution of Ti element on the surface of the composite membrane was 
uniform.  Performances of fabricated Membrane electrode assembly (MEA)’s measured via 
the PEMFC test station built at METU Fuel Cell Technology Laboratory. A single cell with a 5 
cm2 active area was used in the experiments. These results should be conducive to the 
preparation of membranes suitable for PEMFC. We believe that Nafion/TiO2 nano composite 
membranes have good prospects for use in PEMFC. 
1 Experimental 
1.1 Membrane preparation 
Nafion/TiO2 composite membranes were prepared using the recasting method [1]. Nafion 
solution (15 wt.%) was evaporated at 60oC until a dry residue was obtained. The residual 
Nafion resin was redissolved in a desired amount of DMAc to form a solution containing 5 wt. 
% of Nafion.  TiO2 powder was added and dispersed in an ultrasonic bath. The resulting 
mixture was cast onto a Petri dish and the solvent was evaporated at 80oC. The membrane 
was removed from the Petri dish by wetting with de-ionized water. The membrane thickness 
around 80 µm was obtained from 10 wt. % TiO2 loading. A recast Nafion membrane was also 
prepared with the same procedure for comparative study. All membranes were stored in 
deionized water before any test was performed. Before MEA preparation the membrane was 
treated by boiling in H2SO4 solution (0.5M) about one hour and washing in DI water for half 
an hour. 
MEAs were prepared by spraying catalyst ink onto the gas diffusion layers (GDL 31 BC, SGL 
Carbon Germany) [2]. The catalyst ink was sprayed until the desired catalyst loading (0.4 mg 
Proceedings WHEC2010 141
Pt/cm2 for both anode and cathode sides) was achieved. After spraying the catalyst ink onto 
the GDL’s, MEA was prepared by pressing these GDL’s onto the treated membrane at 
1300C, 688 N cm-2 for 3 min. Performances of fabricated MEA’s were measured via the 
PEMFC test station built at METU Fuel Cell Technology Laboratory. A single cell PEMFC 
(Electrochem FC05-01SP-REF) with a 5 cm2 active area was used in the experiments. 
1.2 Characterization 
The composite membranes have been characterized by thermogravimetric analysis (TGA), 
scanning electron microscopy (SEM), X-ray diffraction (XRD) and single cell performance. 
The energy dispersive spectra (EDS) analysis indicated that the distribution of Ti element on 
the surface of the composite membrane was uniform. Performances of fabricated MEA’s 
were measured via the PEMFC test station built at METU Fuel Cell Technology Laboratory. 
The membranes were tested in a single cell with a 5 cm2 active area operating at 70 °C to 
120°C. 
2 Results 
 
Figure1: TGA curve of Nafion and Nafion/TiO2. 
Thermal analysis results showed that the composite membranes have good thermal 
properties. The introduction of the TiO2 supplies the composite membrane with a good 
thermal resistance (Figure 1). There is three derivative weight loss peaks for Nafion around 
50oC – 200oC, 200oC –400oC, and 400oC –550oC. Initial weight loss is due to residual water. 
The next peak is attributed to the decomposition of the -SO3H groups and the final peak is 
assigned to the degradation of the polymer main chain. Nafion/TiO2 composite membranes 
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have good thermal stability. The results indicates that addition of inorganic TiO2 do not 
change the thermal stability of Nafion. The decrease of the degradation temperature 
observed in the Nafion/TiO2 composites has been associated with a catalytic effect of titania 
and chemical interaction between the acid groups in Nafion and the surface of the TiO2 
particles [3,4]. 
The physico-chemical properties studied by means of scanning electron microscopy (SEM) 
and X-ray diffraction (XRD) techniques have proved the uniform and homogeneous 
distribution of TiO2 and the consequent enhancement of crystalline character of these 
membranes. 
 
 
Figure 2: XRD patterns of Nafion, TiO2 and Nafion/TiO2. 
As seen from Figure 2. the crystallinity of the composite membrane increases when 10 wt% 
TiO2 is incorporated into membrane. The increase in crystallinity suggests that the interface 
adhesion is strong between inorganic additives and organic polymer structure due to the 
structural modification [5,6]. 
SEM analysis has proved the uniform and homogeneous distribution of TiO2 (Figure 3). The 
energy dispersive spectra (EDS) analysis indicated that the distribution of Ti element on the 
surface of the composite membrane was uniform. 
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Figure 3: SEM images of a) Nafion/TiO2, b) cross section of Nafion/TiO2, c)Ti distribution by 
EDS, d) cross section of MEA prepared by Nafion/TiO2. 
Figure 4 and 5 illustrate the polarization curves obtained at different cell temperatures for the 
membrane electrode assemblies (MEAs) prepared with Nafion and Nafion/TiO2 composite 
membrane. The maximum power reached for the cell constructed with Nafion/TiO2 composite 
membranes is 0.266, 0.218 and 0.18 W/cm2 for the cell operating temperatures of 80, 85 and 
90oC, respectively. The maximum power density measured for the cell constructed with 
Nafion/TiO2 composite membrane is more than the cell constructed with Nafion membrane. 
Single fuel cell tests performed at different operating temperatures indicated that Nafion/TiO2 
composite membrane is more stable and also performed better than Nafion membranes. 
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Figure 4: VI curve of Nafion/TiO2 composite membranes at different temperature. 
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Figure 5: VI curve of Nafion and Nafion/TiO2 composite membranes. 
3 Conclusion 
Nafion/TiO2 composite membranes prepared with TiO2 nanoparticles exhibit 30% higher 
power density compared to Nafion membranes.  The maximum power density achieved is 
0.266 W/cm2 at 80oC for composite membranes. Uniform distribution of TiO2 nanoparticles in 
Nafion enhances the thermal stability of Nafion membranes. Although the power density 
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decreases with increasing temperature above 80oC, the composite membranes resist up to 
110oC in PEMFC. These results should be conducive to the preparation of new membranes 
suitable for PEMFC. 
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CarbonNanoTubes (CNT) in Bipolar Plates for PEM Fuel 
Cell Applications 
M. Grundler, T. Derieth, P. Beckhaus, A. Heinzel, Centre for Fuel Cell Technology 
ZBT GmbH, Germany 
Abstract 
Using standard mass production techniques for the fabrication of fuel cell components, such 
as bipolar plates, is a main issue for the commercialisation of PEM fuel cell systems. Bipolar 
plates contribute significantly to the cost structure of PEM stacks. In an upcoming fuel cell 
market a large number of bipolar plates with specific high-quality standards will be needed. 
At the Centre for Fuel Cell Technology (ZBT) together with the University of Duisburg-Essen 
fuel cell stacks based on injection moulded bipolar plates have been developed and 
demonstrated successfully [1]. This paper focuses on the interactions between carbon filling 
materials (graphite, carbon black and carbon nanotubes (CNT)) in compound based bipolar 
plates and especially the potential of CNTs, which were used in bipolar plates for the first 
time. The entire value added chain based on the feedstock, the compounding and injection 
moulding process, the component bipolar plate, up to the operation of a PEM single fuel cell 
stack with CNT-based bipolar plates is disclosed. 
1 Introduction 
Besides the membrane-electrode-assemblies (MEA) and the gas-diffusion-layers, the bipolar 
plates constitute the most important element of a PEM fuel cell stack with manifold functions. 
Bipolar plates work as both electrical and thermal conductive plate between the active cells. 
They separate the reactant gases and distribute them on each side over the whole active 
area of the MEA. Finally, they serve as structural element distributing mechanical forces. An 
important require of property of bipolar plates is their chemical resistance to the operation 
conditions inside a fuel cell stack. In essence, the bipolar plate material used for low 
temperature PEM-FCs has to endure a steady electrical potential, a wet environment of pure 
water, a low pH-value and temperatures of about 80 °C [2]. 
One way to fulfil all the requirements for bipolar plates combined with the possibility of mass 
production leads to carbon filled polymer materials for bipolar plates. The development of 
such compound materials is focused in various of investigations [3,4]. The polymeric matrix 
allows usage of conventional processing methods such as extrusion for the production of 
compounds and the further processing to bipolar plates via injection moulding. One main 
requirement of bipolar plates is a good electrical and thermal conductivity. In order to achieve 
adequate conductivities for the bipolar plates the (therefore used) compound material 
normally consist of a polymer which functions as a binding matrix, and a high load (ca. 
80 wt%) of carbon-based electrically and thermally conductive filling materials such as 
graphite and carbon blacks [5]. In the recent years carbon nanotubes seem to be another 
promising filler material due to their favourable electrical and mechanical properties [6]. 
Carbon nanotubes have the potential to improve the properties of such highly filled 
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compounds when used in combination with other filler materials. CNTs generally form large 
agglomerates and the biggest challenge is to disentangle and to disperse the CNT-
agglomerates during the process of melt-compounding. To incorporate the CNT 
homogenously distributed into a polymeric matrix is necessary to achieve high conductivities 
of such materials even at low CNT content. This plays a key role to transfer the unique 
properties of CNTs into compound materials. The production of such high filled compound 
materials can be done by using a kneader or an extruder. In a following step the compound 
materials are used to produce bipolar plates by injection moulding or compression moulding. 
The first objective of this work has been the determination of the influence of different carbon 
filling materials, especially CNTs, in a polymeric matrix regarding the production process. 
The second aim focuses on the final properties such as electrical conductivities of injection 
moulded samples. Finally the effect of this carbon fillers on the performance of a single PEM 
fuel cell stack has been investigated. The intention of this study is the development of new 
CNT-based compound materials with improved properties in comparison to carbon black 
compounds for bipolar plates. 
2 Experimental 
2.1 Compounding of high filled polymeric materials 
As mentioned before a high content of carbon filling materials has to be incorporated into a 
polymeric matrix to achieve good conductivities. Therefore five highly filled polymer 
compounds have been processed in a small compounder (kneader, Thermo Scientific 
Rheomix 3000p) under similar process conditions for benchmarking. Within the scope of this 
investigation, all compounds have been produced with a similar filling load of 87 wt% to 
ensure processability and comparability. To explore the interacting dependencies between 
the filling materials graphite and carbon black or CNTs the following binary and hybrid 
compounds have been investigated: 
 binary compound: graphite (87 wt%) in polypropylene 
 hybrid compounds: graphite (84,5 wt%) with a secondary filling material; carbon black 
(2,5 wt%) or CNTs (2,5 wt%) in polypropylene 
 hybrid compounds: graphite (82 wt%) with a secondary filling material; carbon black 
(5 wt%) or CNTs (5 wt%) in polypropylene 
2.2 Injection moulding of samples und bipolar plates 
In general ZBT has chosen the injection moulding technique as a standard production 
method to manufacture bipolar plates in a one-step process with process cycle times below 
18 seconds (Kraus Maffei, Germany, Fmax=3000 KN, pmax=350 MPa). The injection moulding 
of such high filled compound materials is not trivial because of the high melt viscosities of the 
compounds. Nevertheless it is possible to produce bipolar plates for usage in PEM fuel cells 
by injection moulding. To achieve a reproducible and fast characterisation of different 
compound materials, small unstructured plates (diameter = 30 mm, thickness = 2 mm) were 
injection moulded on a small piston injection moulding machine (Thermo Scientific HAAKE 
MiniJetII, pmax = 120 Mpa).  
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2.3 Measurement of electrical conductivity 
For measurement of through plane electrical conductivity a four pole measurement 
apparatus is used. The injection moulded samples were placed between two gas diffusion 
layers (W.L. Gore & Associates GmbH) which are fixed on gold plated stainless steel stamps 
integrated in a hydraulic press. The measurements were performed under pressure to 
simulate the operating conditions of a PEM fuel cell. A pressure of 2 Mpa and a current of 
500, 1.000, 1.500 and 2.000 mA (Wenking HP 96-20) was applied and the resulting voltage 
recorded. 
2.4 Analysis of internal material structures 
Images from scanning electron microscope (field emission-SEM) (Leo 1530 Gemini) give an 
idea about the internal structure and dispersion of nano particles between graphite flakes at 
injection moulded compound materials. For SEM measurements, the plates were broken in 
liquid nitrogen to prevent thermal deformations. The plate samples were placed in the 
sample holder, vacuum was applied and SEM images were taken from the broken surface 
(cross sectional direction). 
3 Results and Discussion 
3.1 Compounding 
The addition of a secondary nanometer sized filling material, especially of carbon blacks, 
adversely affects the processability of the compound material during extrusion because of 
high surface and abrasive behaviour. A suitable indicator to describe the melt-viscosity of the 
compounds is the measured torque during the compounding process and the resulting melt 
temperature. The higher the torque the higher is the melt viscosity, keeping in mind that a 
lower melt-viscosity facilitates injection moulding of bipolar plates. The following figures show 
the obtained torques and temperatures during compounding of the five highly filled materials. 
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Figure 1: Torque during compounding. Figure 2: Recorded melt temperature. 
As aforementioned the binary graphite/polymer compound shows the lowest torque during 
compounding. The addition of carbon blacks (CB) or CNTs in hybrid compounds significantly 
increases the torque and thus the melt temperature. But it can be seen that CNT-based 
compounds reveal a lower torque-value when compared to their carbon black based 
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counterparts. CNTs tend to be less abrasive than carbon blacks and this induces a lower 
melt viscosity. 
3.2 Electrical conductivity 
The following graph shows the area specific volume resistivity of the five investigated 
compounds, measured at injection moulded material samples. 
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Figure 3: Electrical resistivity. Figure 4: Injection moulded 
samples. 
The experimental results show that the combination of graphite with carbon blacks or CNTs 
exhibits a positive effect and leads to lower volume resistivities. It can be seen that there is 
no significant difference in electrical conductivity between carbon black and CNT filled 
compound based plates at equal filling content. The addition of the nanometer sized carbon 
blacks or CNTs forms further conductive bridges through the insulating polymer matrix 
between the micro sized graphite flakes. Figure 5 and Figure 6 show schematically the 
differences between binary and hybrid compounds. 
 
 
Figure 5: Scheme of a binary system 
(graphite flakes in a polymer). 
Figure 6: Scheme of a hybrid system 
(graphite + CB or CNTs in a 
polymer). 
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This assumption can be approved by images from scanning electron microscope which give 
an idea about the internal structure and dispersion of nano particles between graphite flakes 
at the injection moulded compound materials. 
 
Figure 7: Carbon black between graphite. Figure 8: CNTs between graphite flakes. 
3.3 Injection moulding and single fuel cell test 
Based on the mentioned positive effects of compound material with CNTs, first CNT-based 
bipolar plates have been injection moulded with a cycle time of 18 seconds for one bipolar 
plate (Figure 9). Differences in bipolar plate quality in comparison with carbon black based 
bipolar plates could not be observed so far. A fully automated removal from the bipolar plates 
out of the injection moulding tool is ensured by robots, to prevent the operator from 
eventually occurring expositions with CNTs. 
A first single fuel cell stack with injection moulded CNT-based bipolar plates has been 
assembled and the performance has been tested. This first test has been carried out to 
analyse the appropriateness of CNT-based bipolar plates in principle. It could be observed 
that CNT-based bipolar plates do function as well as carbon black based bipolar plates in a 
PEM fuel cell. No significant difference in the cell performance could be observed. 
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Figure 9: Injection moulded CNT based 
bipolar plates. 
Figure 10: Polarisation-curves for a single fuel 
cell stack with CNT-based bipolar 
plates. 
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4 Conclusion 
The combination of nano sized (CNTs) and micro sized (graphite) filling particles in hybrid 
compounds is chosen as the next step towards optimized bipolar plates for PEM fuel cells. It 
turned out that CNTs tend to be less abrasive than carbon blacks and this leads to a lower 
melt viscosity which is required and helpful for the injection moulding process to bipolar 
plates. Furthermore CNTs do function as bridging particles between the other filling 
component graphite and this leads to a significantly improved conductivity. Due to their 
favourable electrical and mechanical properties carbon nanotubes are most probably a 
promising filling material. There is still a need for more investigations to utilize the unique 
properties of CNTs in hybrid compounds. Nevertheless, first CNT-based bipolar plates were 
successfully produced and tested in single fuel cell stacks. 
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Multilayered Proton-Electron Conductive Polymer 
Membrane for Fuel Cells 
J. Hodakovska, G. Chikvaidze, J. Kleperis, Institute of Solid State Physics of 
University of Latvia, Latvia 
1 Introduction 
What we don't need is a polluting carbon based energy policy that exists simply because the 
supply side wants it that way. We really can't justify trashing the planet by burning carbon just 
because it is available. The Wind-Solar-Hydrogen Economy is achievable now. What we 
need is to improve hydrogen production, storage, transportation and usage methods. Very 
important for most of European countries is question about electricity generation power - an 
energy policy for future must be oriented to local renewables and clean generation 
technologies at amounts to satisfy self sufficiency. 
Fundamental problem needs closer attention is the method of getting energy back from the 
hydrogen. One of the possibilities is direct burning, which is attractive because internal 
combustion engines can be transformed easy for hydrogen fuel. Nevertheless combustion 
engines have small efficiencies and great exhausts – nitrogen oxides, when hydrogen is 
burnt in air. As another way for regaining energy from hydrogen, the fuel cells are named, 
because of theoretically possible high energy recovery value [1]. One type of fuel cells is 
polymer electrolyte fuel cell. Advantages of this technology is comparably low working 
temperatures (typically till 100°C), which makes it interesting for application in portable 
devices and transport (bikes, cars, vehicles) [2]. 
Developing polymer membrane fuel cells one has to deal with several main topics: 
membrane itself, membrane-electrode assembly, catalyst etc. Our research group decided to 
elaborate advanced composite membranes for low temperature fuel cells, based on already 
well-known material – sulfonated poly(ether-ether-ketone) (SPEEK). As the second material 
polyaniline (PANI) was chosen as a electron conductive material, which also can reduce 
platinum load according to H.Gharibi et.al. [3] 
2 Experimental 
SPEEK was prepared from poly(ether-ether-ketone) (PEEK) supplied by Aldrich. The 
sulphonated SPEEK ionomers were synthesized using original and simple method [4]. 
Homogeneous proton-conducting membranes were developed from the obtained SPEEK by 
solvent casting method. Our idea is to make composite electron/proton conducting 
membrane from available non-expensive polymers - SPEEK and electron conducting 
material  polyaniline (PANI). For synthesis we used PANI in non-conductive form (emeraldine 
base) with molecular weight of 60000 g mol-1, supplied by Aldrich. Physical and chemical 
properties of separate polymers SPEEK and polyaniline (PANI) and SPEEK/PANI membrane 
were analysed.  
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The membranes were characterized by FTIR to confirm sulfonation [5]. FTIR spectra for both 
poly(ether-ether-ketone) (PEEK) and SPEEK were measured with a Bruker EQUINOX 55 
spectrometer equipped with Praying Mantis TM (DDR) accessory designed for examining 
samples by diffuse reflection spectroscopy. The spectra were measured in transmittance 
mode and in DDR mode over a wave number range of 7000-400 cm−1 with resolution of 1 
cm-1. Thermogravimetric (TG) and differential thermal analysis (DTA) were performed with 
SHIMADZU DTG-60 instrument in Ar atmosphere (Ar 5.0 from AGA Ltd.) with flow 50 ml/min 
in temperature range from room temperature (RT) till 350 °C with heating rate 10 deg/min. 
3 Results and Discussion 
For wave number between 1700 and 500 cm-1 some changes indicate successful 
sulfonation. The peak at around 1500 cm-1, which corresponds to C-C bond, splits into two 
(1470 cm-1 and 1493 cm-1) in SPEEK sample due to hydrogen replacement with SO3H group 
(marked with 1, Fig.1). Also new peaks appear due to sulphur and oxygen bonds (e.g. S=O 
bond at 1022 cm-1; O=S=O symmetrical and asymmetrical stretching vibrations at 1080 cm-1 
un 1250 cm-1 accordingly) (2 and 3, Fig.1). 
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Figure 1: Spectrum of poly(ether-ether-ketone) and sulfonated poly(ether-ether-ketone). 
New synthesized SPEEK membrane was compared with Nafion membrane with a help of 
thermogravimetric (TG) analysis. Fully hydrated samples were used for TG measurements. 
As it is seen from obtained results (Fig. 2), in region around 100 °C, which corresponds to 
water loss, the higher temperature is necessary for our SPEEK material to lose the water. 
Conclusion is that SPEEK membrane indicates better behaviour comparing with Nafion of 
membrane in case of reaching higher end of working temperature range (Fig.2). 
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Figure 2: Thermogravimetric measurements in a region from root temperature till 250°C for 
new synthesized SPEEK and Nafion membranes. 
The proton conductivities of our SPEEK membranes were found to be excellent in the order 
of 10-2 S/cm in the fully hydrated condition at room temperature. Testing samples in 
temperature range till 90°C, the steady grows was observed, reaching values around 50 
mS/cm (Fig.3). 
 
 
Figure 3: Conductivity measurements for new synthesized SPEEK polymer membrane. 
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The most important parameter for membranes is proton conductivity, and measured values 
showed (Figure 4), that for composite membrane with 10 wt% PANI the conductivity 
decreased significantly (3-4 times depending from temperature region). 
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Figure 4: Conductivity measurements for SPEEK and SPEEK with 10 wt% PANI. 
One of the possible reason for significant conductivity decrease could be the possibility of 
SPEEK polymer to play the doping role in PANI polymer. This process decreases the 
number of SO3H groups, which are responsible for proton conductivity in membrane. To 
increase the proton conductivity, another doping polymer could be used, e.g. some acid. As it 
was seen from preliminary impedance spectra of composite SPEEK/PANI membrane, an 
electronic conductivity is found to be insignificant. It would be suggested that PANI 
transformation to electron conductive form also would increase the conductivity of composite 
membrane. Adding a doping would result in next two processes. Firstly, PANI will transform 
to electron conductive form, allowing reaching our goal of developing material with both types 
of conductivity. Secondly, doping will increase proton conductivity, because SPEEK partly 
reacts with PANI and acts as doping, at the same time decreasing proton conductivity.  
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A Compact, Open-cathode HTPEM Fuel Cell Module for 
Portable Applications 
Timo Kurz, Julian Keller, Fraunhofer Institute for Solar Energy Systems, Germany 
1 Introduction 
High Temperature PEM fuel cells based on a phosphoric acid doped polybenzimidazole 
(PBI) membrane are a relatively young technology compared to standard PEM fuel cells. The 
main advantage of this cell type is the operating temperature above the boiling point of water, 
leading to a simplified water management and to a strongly increased CO tolerance. 
Because of this higher CO tolerance and a higher usable temperature level, they are 
considered to be a promising technology for CHP systems. 
Besides CHP systems, HTPEM fuel cells offer new possibilities also for other applications: 
Due to the absence of liquid water, they show a more stable operation, especially at high 
current density. Because the membrane is conductive in dry conditions, the cell can be 
operated with high, non-humidified air flow by using simple flow field geometry. This leads to 
the possibility of an open cathode design that acts as both the air supply and the cooling 
channel. 
This work presents the development and characterisation of a stack module for portable 
applications in the range of some 100 W. The aim was to develop a small and compact 
system with few components and stable operation. 
2 Stack Design and Housing 
To realise a system with few additional components, a stack concept with open cathode has 
been designed: The cathode air is used also as coolant, so only one fan or air pump is 
needed. PBI membranes need no humidification and therefore high flow rates can be used 
without damaging the cells. 
With high flow rates, the pressure drop in the cathode flow field has to be as small as 
possible to enable a standard fan for the air supply. To achieve this, simple parallel channels 
could be used. 
On the other hand, high flow rates of cool air can lead to a strong temperature gradient along 
the channel. To reduce this, single serpentines have been used in the air flow field. The 
resulting temperature distribution at inlet and outlet is analysed in section 3. 
To validate this system concept, a 5-cell test short-stack including complete housing and 
connectors has been developed. Figure 1 shows a cross section of this module with the air 
path in the housing and the flow field design. In front of the stack inlet, a heating wire is 
inserted to heat up the inlet air during start-up. The stack is fully enclosed in the housing with 
glass wool for thermal insulation. The box can be closed on inlet and outlet to avoid moisture 
absorption after shutdown that can be critical for membrane degradation. Gas supply and 
electrical connectors for load and heating are attached. Table 1 shows an overview of stack 
and module properties: 
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Table 1: Module characteristics. 
Module dimensions 240 x 120 x 100 mm 
Module weight 2.2 kg 
Heating electrical, 100 W / 12V 
Cell number 5 
Cell active area 31.4 cm² 
Stack nominal power 45 W @ 15 A 
Stack max. power > 90 W 
Hydrogen supply dead end or recirculation with purging 
Air supply open cathode, up to 50 slpm 
 
Figure 1: Cross section of the stack module. 
3 Results and Discussion 
During operation, temperature distribution has been measured with 16 type-K thermocouples 
attached to the stack: 6 near the serpentines at the inlet and 8 near the outlet. These sensors 
provide a complete picture of the temperature distribution in plane as well as from top to 
bottom. Figure 2 shows the location of the thermocouples. They measure the bipolar plate 
temperature near the channel without blocking the channels. 
 
 
Figure 2: Schematic view of the location of the thermocouples in the stack. 
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3.1 Start-up 
Figure 3 shows the average stack temperature during heating at start-up. The stack is 
heated only by air passing the heating wire. Heating is switched on at 950 s. The stack 
temperature rises and reaches 120 °C at 1950 s. From this moment on, the stack is switched 
on and reaches nominal power (15 A, 0.6 Vcell) at 2090 s. The nominal working temperature, 
160 °C, is reached at 3450s. 
In this configuration, it needs 100 kJ electrical energy and 16:40 min for heating this system 
up to starting temperature. This consumption / time can be further optimised by lowering the 
possible starting temperature (with more stable membranes), increasing the stack-to-system-
weight-ratio using a bigger stack (30 instead of 5 cells) or by an improved heat transfer to the 
incoming air. 
 
Figure 3: Mean stack temperature during a standard heating procedure. In the first period, 
the stack is heated only electrical (@ 100 W). After reaching 120 °C, the stack is 
started and operated at 15 A. 
3.2 Operation 
Figure 4 shows polarisation curves of the stack in galvanostatic mode at different mean stack 
temperatures. The temperature has been controlled only by cathode air flow. Hence, 
stoichiometry during this measurement varies in a wide range from λ = 3 (high temperature, 
low current) to λ = 15 (low temperature, high current). 
The stack shows excellent characteristics, (608 mVcell / 500 mAcm-² at 160 °C) and as 
expected a slightly increasing voltage with increasing temperature (570 mV at 130 °C up to 
618 mV at 170 °C). 
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Figure 4: Polarization curves of the stack at different mean temperatures at λH2 = 1.5. Oxygen 
stoichiometry varies between 3 and 15 due to temperature control by cathode air. 
3.3 Temperature distribution 
Figures 5 and 6 show the temperature distribution in the left side of the stack (see figure 2) at 
two different operation points; at nominal operation (15 A, 11 slpm, filled symbols) and at 
high power operation (30 A, 35 slpm, hollow symbols). 
Figure 5 shows temperature variation from top to bottom; temperatures at the outlet (red) are 
slightly higher than at the inlet (blue) due to the cool inlet air. The difference is larger at 
higher air flow due to a higher cooling rate: At 30 A, the maximum difference is 8.6 °C, and it 
is only 5 °C at 15 A. The temperatures show an increase from top to bottom cell, this can be 
due to an inhomogeneous inflow and/or due to less insulation material on top. 
 
Figure 5: Temperature distribution during operation at 160 °C on the left side of the stack 
from top (1) to bottom (5). The plots show the difference between inlet (blue) and 
outlet (red) and between the operation at 30 A / 35 slpm (filled) and 15 A / 11 slpm 
(unfilled symbols). 
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Figure 6 shows the variation from left to right in the cathodic bipolar plate of cell 3. The 
temperature distribution is nearly symmetric, indicating good inflow geometry in this direction 
(see figure 1, top). The highest difference between left and right side is 3.7 °C at the inlet (at 
30 A). The outlet temperatures show higher values in the middle of the cell. This can be 
explained by heat losses through the side faces of the stack. As also seen in figure 5, 
temperature variation between inlet and outlet increases at higher air flow rate. The 
maximum difference is here 10.4 °C on the right side. 
 
Figure 6: Temperature distribution during operation at 160 °C in BPP 3 at inlet (blue) and 
outlet (red) from left to right. The air flow comes from the right side (see figure 1). 
The plots show the difference between the operation at 30 A / 35 slpm (filled) and 
15 A / 11 slpm (unfilled symbols). 
4 Conclusions 
A compact fuel cell module for small portable systems has been presented. It consists of a 
HTPEM fuel cell short-stack with open cathode that can be operated with a controllable fan 
only (besides the fuel connection). Thermal insulation, gas and electrical connectors as well 
as electrical heating are integrated. 
Polarisation and temperature measurements have been performed. They show that electrical 
heating only by heating the inlet air is possible and leads to a heating time of < 17 min. In 
operation, the stack shows an excellent power characteristics and small temperature 
variation even at high flow rates of ambient air due to a specific designed flow field. In high 
power mode (high air flow), the maximum temperature difference (at 160 °C mean 
temperature) is 17.5 °C, and it is only 8.8 °C at nominal power operation. These results show 
that this stack module concept with open cathode works excellent and leads to a simple 
system design, ready to be scaled up to higher cell numbers. 
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Application Segmented Cell for In-situ Detection and 
Controlling the Stability of PEM Fuel Cell 
Rui Lin, Jian Xin Ma, Clean Energy Automotive Engineering Center, School of 
Automotive Studies, Tongji University, Shanghai, 201804 China 
Heinz Sander, Erich Gülzow, Andreas K. Friedrich, Electrochemical Energy 
Technology, Institute of Technical Thermodynamics, German Aerospace Center, 
Stuttgart, 70569 Germany 
Water plays a critical role on the PEMFC performance, stability and lifetime. On one hand, 
water is needed to guarantee good proton conductivity of the membrane and active layers; 
on the other hand, the presence and accumulation of liquid water in the flow-field channels 
and/or electrodes gas porosities resulted in flooding of the electrodes [1-5]. A subtle 
equilibrium has to be controlled between membrane drying and liquid water flooding to 
prevent degradation and guarantee a stable performance of fuel cell. 
At DLR, printed circuit boards (PCBs) with segments and internal measurement resistances 
have been developed to measure current density distributions both of single cells as well as 
stacks [5, 6]. Through investigation of current density distributions, the correlations between 
the current activities and humidity of fuel cell would be found. In the present work, we applied 
the segmented cell to find the correlations between the current instabilities and humidity of 
fuel cell. Thus, the countermeasure for optimization of water management of fuel cells would 
be found. Through controlling the humidity of anode (RHa) and cathode (RHc), the stability 
and performance of fuel cell would be improved. 
Fig.1 shows the performance of PEM fuel cell at potentiostatic operation conditions at 80 °C. 
The humidification temperature of fuel cell is also set at 80 °C. Time-dependent oscillations 
of current would also appear. It is due to less water was produced and transported by 
electro-osmotic drag. Water electro-osmotic drag or low humidity operation caused a positive 
spike in cell current with respect to a stationary value, which may indicate a temporary 
improved performance. Increasing the humidity of anode and/or cathode to the optimal 
condition (increasing the humidification temperature to 85 °C in this case), the performance 
would improve and become stable. Furthermore, it was found if the humidity of the cell went 
back to the starting unfavourable condition, the performance became unstable again. 
Through controlling the humidity of fuel cell, the stability of that could be efficiently improved. 
The performance is reversible if adverse humidity conditions are temporarily applied. Similar 
phenomenon would be found at higher temperature (120 °C, Fig.1). The performance 
irreversibly changed when the humidity conditions of the fuel cell was modified. In this case, 
returning to favourable humidity conditions made the performance stable but an irreversible 
degradation associated with the adverse humidity conditions was observed. It may be due to 
the severe drying conditions, which caused irreversible membrane degradations. 
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Figure 1: Improvement the stability of fuel cell at 80 °C (on the left side) and 120 °C (on the 
right side) by adapting humidity and observed irreversible degradation. 
The stability of the fuel cell system was also dependent on the forced cell voltage, which was 
shown in Fig. 2. The cell was operated at 100 °C. At 700 mV, current was at lower value and 
no current peaks appeared (not shown in the figure). At 600 mV, the current showed 
variations in the range of 5 minutes. Decreasing the voltage to 500 mV, the current became 
unstable and the performance changed from the top to the bottom in less than one minute. It 
was apparently that water balance of the cell was affected by the forced voltage. The 
amplitude and the frequency of current peaks compared to the reference value were affected 
by the cell voltage. The lower the forced voltage, the higher rate of water would be produced. 
So it was difficult to stabilize the performance at higher current densities and fast change of 
performance would occur, which led to a higher fluctuation of current frequency. 
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Figure 2: Frequency of current peaks increased with voltage decreased (under potentio-
static state). T cell = T humidification air = T humidification H2= 100 °C; 
Pair = PH2 = 2 bar. 
Fig. 3a was the mapping of current density distributions at different stages (baseline or peak 
top) of the positive spike of the current. At different stages of current, the contour plot of 
current density distribution was similar (Fig. 3b). In the case of operating conditions where 
water flooding was expected, negative spikes in cell current compared to the stationary 
reference value was observed (Fig. 4a). The contour of current density distribution during the 
negative spike in cell current was much different to the one before and after the negative 
spike in cell current (Fig. 4b). In different stages of negative spikes of current, their current 
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density distributions differed greatly. It might be due to the case that the flooding of water in 
the channel occurred and the liquid water accumulated in different location of the flow field, 
which would greatly affect the local current density distribution. When the operating 
conditions allow the liquid water to accumulate to some extent, severe water flooding 
occurred. The gas flow path would be temporarily blocked, giving rise to a negative spike in 
cell current [4]. The periodic build-up and removal of liquid water in the cell caused the 
observed fluctuations in cell performance. It was also found that at the stage current peaks 
up or current peaks down, the homogeneity of current density was less than the one at the 
stationary reference. 
 
Figure 3a: Overview of operation parameters for the current peaks up. 
 
 
Figure 3b: Current density distribution of PEM fuel cell, before, during and after current 
peaks up. 
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Figure 4a: Overview of operation parameters for the current peaks down. 
 
   
Figure 4b: Current density distribution of PEM fuel cell, before, during and after current 
peaks down. 
In a summary, in certain operating conditions, the time-dependent oscillation of current 
(potentio-static state) at fixed voltage would appear. The periodic build-up and removal of 
liquid water in the cell caused fluctuation of the cell performance (positive or negative spike 
of current compared to the stationary value), causing unstable, unreliable and inconsistent 
cell performance. In the present work, we applied in-situ segmented cell technology to detect 
the current density distributions of fuel cell and thus found the correlation of that with the 
humidity of fuel cell. Controlling the humidity of fuel cell, the stability of fuel cell would be 
efficiently improved. 
The stability of the fuel cell system was also dependent on the input voltage. The amplitude 
and the frequency of current peaks up are affected by the applied of voltage. 
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The current density distribution maps were similar in different stages of the spike up of 
current. But during the flooding stage, their current density distributions differed greatly. This 
behaviour was interpreted as indicating flooding in different locations of the flow field. 
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Analysis of the Influence of a Filter for Traffic-related 
Gaseous and Particulate Contaminants on PEMFC 
U. Misz, J. Burfeind, P. Beckhaus, A. Heinzel, Zentrum für BrennstoffzellenTechnik 
ZBT GmbH, Germany 
1 Introduction 
An important subject to increase the lifetime of PEM fuel cells is purity of the in-coming 
gases. Especially cathode air must be very clean. Impurities in the air can contaminate the 
catalyst, electrolyte or GDL [1, 2].  
Degradation can be reduced by using a cathode air filter. Research about effects of 
contaminants on fuel cells has been carried out [3]. CO, NO2, NH3 and SO2 have been fed 
consecutively to the fuel cell in ppm ranges with and without a fuel cell cathode filter. Results 
show that CO removal is not necessary as it is converted with O2 to CO2. But the used 
concentrations of the other corrosive gases significantly harmed the single fuel cell within the 
timeframe of only an hour. 
Unlike the tests without filter voltage curves of the fuel cell by using a cathode air filter remain 
at a constant level and don’t even fall over a longer period of contamination. However solely 
NO2 is leading to a significant decrease in cell voltage over time. The filter used in this 
experiment is not effectively removing NOx from air.  
Further tests with particles and real depleted diesel exhaust gas have been conducted. The 
results have revealed that available filters can’t separate a typical traffic-related contaminant 
mix effectively from incoming air. 
2 Cell Degradation without Cathode Air Filter 
Research about corrosive gases at road traffic areas in Germany and their effects on fuel 
cells has been done [3]. First CO, NO2, NH3 and SO2 have been conducted through the fuel 
cell in a ppm range without an upstream filter. The test parameters at all experiments were 
identical to get comparable results. Cell temperature was 55 °C and the cathode gas was not 
humidified. A constant current density of 800 mA/cm² was adjusted. 
A water cooled single cell was manufactured and integrated in a special test stand for 
corrosive gases. New MEAs were assembled for each measurement with a different 
corrosive gas. Fig. 1.1 shows the results without any filter materials. The used single cell is 
seen in Fig. 1.2.   
Results show that CO filtering is not necessary as it does not affect fuel cell performance and 
is likely converted with O2 to CO2. But the used concentrations of the other corrosive gases 
significantly harmed the single fuel cell within one hour. After NO2-poisonning the cell 
performance can be recovered completely, by running the cell with pure NO2 free air for 
several hours. In a following test the single cell was fed with only 1 ppm NO2. A voltage loss 
of 4 % could be seen within the first 10 minutes. After 220 minutes the cell performance 
declined by 10 % (Fig. 2.1). 
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Figure 1.1: Voltage loss without a cathode air 
filter [%]. 
Figure 1.2: Water cooled single cell. 
 
 
 
Figure 2.1: Voltage loss without a cathode air filter by using 1 ppm NO2. 
3 Cell Degradation with Cathode Air Filter 
In a second experimental series a filter system was used for the cathode feed. The filter 
consisted of activated carbon layers and ion exchanger layers. The concentrations of the 
corrosive gases were the same as in Fig. 1.1. 
Fig. 3.1 pictures the results with filtered cathode air. The voltage curves of the fuel cell with a 
cathode air filter are at a constant high level and don’t fall over a longer period. However NO2 
is leading to a significant decrease in cell voltage over time. The filter used in this experiment 
is not effectively removing NOx from air. 
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Figure 3.1: Voltage loss without a cathode air filter [%]. Figure 3.2: Filter with single cell. 
4 Separation of NOx 
A further test series was made to analyse the filter efficiency of different materials for NOx. 
The used filters were a column packed with activated carbon (potassium carbonate (K2CO3)) 
granules, a column packed with polyphenylene sulphide (PPS) granules and a filter 
consisting of Ion exchanger layers as well as activated carbon filter layers used in the 
experiment before [4]. Fig. 4.1 shows the results of a few tests with different filter materials. 
 
 
 
 
 
Figure 4.1: Voltage loss without a cathode air filter [%]. Figure 4.2: Activated Carbon. 
According to the state of technology neither an air cathode filter nor a catalyst are able to 
separate NOx from the cathode gas flow of PEM fuel cells adequately. 
5 Analyzing the Effect Gas Mixtures on the Fuel Cell  
In a final experiment the effect of a gas mixture on the fuel cell was analysed. A test stand 
with a real diesel engine at the partner institute IUTA was used. The diesel exhaust gas was 
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analysed and depleted to a defined degree. A 5-cell water cooled stack was fed with the 
diluted diesel exhaust gas at a ratio of 1:70 in air. This exhaust gas contained 0,9 ppm SO2, 
7,9 ppm CO, 7,5 ppm NO and less than 1 ppm NO2. In addition soot particles are parts of the 
engine generated diesel exhaust gas. But former experiments with soot particles have shown 
that these particles don’t contaminate the fuel cell. The tests were realized with and without a 
filter system (Fig. 5.1). 
 
 
 
Figure 5.1: Voltage loss by using depleted diesel exhaust 
gas [%]. 
Figure 5.2: 5-cell-stack. 
The voltage loss by using a filter is nearly identical to the voltage loss without any filter 
system. A voltage drop up to 20 % within one hour caused by the Diesel exhaust gas could 
be seen. But after charging with neat air the PEMFC is recovered completely, despite the 
presence of SO2 in the diesel exhaust gas. Normally SO2 leads to irreversible cell damage. 
So it is presumed that the presence of nitrogen-containing groups suppress the adsorption of 
SO2 on the catalyst layer. The kinetic of the reversible NOx absorption could be faster then 
the irreversible SO2 absorption, so no irreversible performance lost could be detected. More 
experiments with mixed gases are necessary.  
6 Conclusion 
Experiments have shown that a cathode air filter can increase the lifetime of a PEM fuel cell 
except the degradation due to NO2 which is fortunately a reversible effect. Further tests are 
mandatory. So a new project has been started in January 2010 which will deal with 
investigations on the damage mechanisms. Electrochemical Impedance Measurements (EIS) 
will be one of the methods to be applied [5]. Furthermore tests with different types of particles 
will follow. 
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Soft Switching PWM Isolated Boost Converter for Fuel cell 
Application 
Majid Rezaei, Isfahan Subsea R&D Institute, Iran 
Abstract 
In this paper a new soft switching isolated boost type converter is introduced for fuel cell 
applications. In this converter zero voltage switching condition is achieved for the main 
switches and the auxiliary circuit is also soft switched. Also, the converter control circuit is 
simple PWM. Due to achieved soft switching condition, the converter can operate at high 
powers which make it suitable for fuel cell applications. Also, due to high voltage gain of the 
converter and isolation between input and output sources, the converter is a proper choice 
for the interface of fuel cell and inverters. Furthermore, the input current of the converter 
(current drained from the fuel cell) is almost constant since it is a boost type converter. The 
converter is analyzed and the simulation results presented confirm the validity of theoretical 
analysis. 
1 Introduction 
Boost type converters are vastly used as the interface circuit for solar cells, batteries and fuel 
cell since their input current is almost constant. Also boost type isolated converters can 
provide high voltage gain because in these converters the total converter gain is the multiply 
of boost stage gain and transformer voltage gain. Therefore, these converters are suitable 
solutions to boost the low output voltage of solar cells, batteries and fuel cells to provide high 
DC voltage for the inverter stage. 
In isolated boost converters usually high voltage stress and high switching losses are applied 
to the switches due to converter leakage inductance. Therefore, the efficiency of these 
converters considerably decreases and also due to voltage spikes on the converter switch, 
switches with high voltage rating should be used. RCD snubbers and clamps can be used to 
reduce switching losses and to limit voltage spikes across the switch. However, RCD 
snubbers and clamps increase the total converter loss and further reduce the converter 
efficiency. 
Lossless snubbers are another solution to limit the voltage spikes and to reduce the 
switching losses and also to increase efficiency [1-8]. Several lossless snubbers are 
previously introduced for boost converters in [6-7]. But, in these converters additional current 
stress is applied on the main switches. In the converter introduced in [8], a lossless snubber 
is introduced for current fed converters which is applied in the secondary side of transformer. 
This lossless snubber can reduce switching losses, but it is unable to limit the voltage spikes 
across the switches. Therefore, for practical implementation, a RCD clamp is also required in 
the transformer primary side. 
In this paper, a new soft switching boost converter is introduced which does not suffer from 
the above mentioned disadvantages. This converter is introduced and analyzed in the 
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second section. Simulation results are presented in the third section using PSpice software. 
Therefore, the simulation results are with the actual model of semiconductor devices. Also, 
leakage inductance of transformers is considered for the simulation purpose to verify the 
effectiveness of applied soft switching auxiliary circuit. 
2 Converter Analysis 
The proposed converter is shown in Fig. 1. S1 and S2 are converter main switches and 
unidirectional switches Sa1 and Sa2 are the converter auxiliary switches. Before the first 
mode, it is assumed that S1 and D1 are conducting and all other semiconductor devices are 
off. Also, the transformer magnetizing inductance current, input inductor current and 
capacitor C voltage can be assumed constant and equal Im, Iin and Vc, respectively. 
According to Fig. 1 the converter main transformer turns ratio is 1:n and coupled inductors 
La1, La2 and La3 turns ratio is 1:1:m. 
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Figure 1: Proposed soft switching isolated boost converter. 
Assuming all semiconductor devices ideal, the converter operating modes are as following: 
Mode 1: By turning the Sa2 on, this mode begins. By turning this switch on, Vc/n is placed 
across La2 and its current increases linearly to Im and S1 current decreases to Iin-Im. Thus, Sa2 
turn on is zero current switching. 
Mode 2: In this mode a resonance starts between Cs2 and La2 and Cs2 completely discharges. 
La2 current during this mode and at the end of this mode are: 
))(sin( 2
2
2 tnZ
VII CmLa ω+=  (1) 
2
2
2 InZ
VII CmLa =+=  (2) 
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where: 
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Mode 3: La2 current runs through the body diode of S2. S2 can be turned on under zero 
voltage switching. La2 current remains constant until Sa2 is turned off. 
Mode 4: S1 is turned off and the difference of input inductor current and Im charges Cs1 up to 
(V0-Vc)/n. Thus, S1 turn off is under zero voltage switching. Cs1 voltage equation during this 
mode is: 
1
).(
1
S
min
C C
tIIV
S
−
=  (5) 
Mode 5: The difference of input current and La2 current runs through S2. 
Mode 6: Sa2 is turned off and La2 current runs through La3 and Da. Thus, the voltage across 
Sa2 is equal Vin/m. By selecting relatively large value for m, Sa2 turns off under almost zero 
voltage switching. At the end of this mode Da current becomes zero. La3 current at the 
beginning of this mode is I2/m. Thus, La3 current equation during this mode is: 
3
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3
a
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La L
tV
m
II −=  (6) 
Mode 7: In this mode Iin runs through S2. Also D2 is conducting in this mode. 
Mode 8: This mode begins by turning Sa1 on. Thus, (V0-Vc)/n is placed across and La1 current 
linearly increases to Iin-Im and S2 current decreases to Im. 
Mode 9: In this mode, Cs1 discharges in a resonance with La1. Thus, La1 current equation 
during this mode and its value at the end of this mode are: 
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Mode 10: In this mode La1 current is constant and runs through body diode of S1. During this 
mode S1 can be turned on under zero voltage switching. La1 current remains constant until 
Sa1 is turned off. 
Mode 11: This mode starts by turning S2 off and Cs1 is charged up to Vc/n with constant 
current Im. Therefore, S2 turn off is zero voltage switching. Cs2 voltage equation during this 
mode is: 
2
.
2
S
m
C C
tIV
S
=   (11) 
Mode 12: The difference of input current and La1 current runs through S1. 
Mode 13: This mode begins with turning Sa1 off and thus, La1 current runs through La3. 
Therefore, Vin/m is placed across Sa1 and by choosing relatively large value for m, Sa1 turn off 
is almost zero voltage switching. At the end of this mode Da current becomes zero. La3 
current at the beginning of this mode is I1/m. Thus, La3 current equation during this mode is: 
3
1
3
a
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La L
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m
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Mode 14: In this mode S1 and D1 are on and all other semiconductor devices are off. 
The converter theoretical waveforms are shown in Fig. 2. Since the waveforms of S1 and S2 
and also the waveforms of Sa1 and Sa2 are similar, only theoretical waveforms of S2 and Sa2 
are presented. The main converter can be designed like its hard switching counterpart [9]. 
Designing the auxiliary circuit of the converter is simple. Cs1 and Cs2 are the snubber 
capacitors of S1 and S2 and these capacitors are designed similar to any turn off snubber. 
Also, La1 and La2 are the turn on snubber off Sa1 and Sa2 accordingly and these inductors can 
be designed like any turn on snubber inductor. It is desirable to choose large value for m. 
However, this will result in large values of La3. Therefore, in mode 6 and 13, La3 current won’t 
reach zero before turning the auxiliary switches on again. Thus, the only limitation on m is 
the duration of modes 6 and 13. 
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Figure 2: Theoretical waveforms of the converter. 
3 Simulation Results 
A 200 W prototype converter is simulated with PSpice software. The converter input voltage 
is 48 V and its output voltage is 400 V. The converter switching frequency is 100 kHz. For the 
converter main switches IRF740 model is used and for the converter auxiliary switches 
IRGBC20F model is used. The converter operating duty cycle is selected 0.5 and therefore 
the main converter approximately provides voltage gain of 4. Also, the converter transformer 
provides a voltage gain of 2.5 nF capacitors are used for Cs1 and Cs2. Also, 4 uH inductors 
are applied for La1 and La2 and 100 uH inductor is also applied for La3. 1 uH inductor is added 
in series with the transformer for the leakage inductance. Also, 0.1 uH inductors are added in 
series with La1 and La2 for their leakage inductances. A 200 uH inductor is used for the input 
filter inductor and a 50 nF capacitor is used for the output filter capacitor. A 0.1 uF capacitor 
is used for C. MUR460 model is used for diodes. The converter simulation results are 
presented in Fig. 3. The simulation results confirm the validity of theoretical analysis 
presented. Also, it can be observed from the simulation results that snubber capacitor has 
limited the voltage spikes due to transformer leakage inductance which is observable in hard 
switching isolated DC-DC converters. 
The simulation results show that the efficiency of soft switching converter is approximately 
88.5% while the efficiency of hard switching counterpart is approximately 83%. 
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Figure 3: Voltage (broken line) and current (continues line) of (a) S2 (b) Sa2 (c) S1 (d) Sa1. 
(vertical scale is 20 V/div or 5 A/div and time scale is 1 us/div). 
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4 Conclusions 
In this paper a soft switching boost type converter is introduced and analyzed. In this 
converter zero voltage switching condition is achieved for main switches. Also, the auxiliary 
switches are soft switched. Simulation results presented justify the theoretical analysis and 
the effectiveness of the introduced method. 
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Optimization of Thermal Management in High Temperature 
Fuel Cells 
Julia Varfolomeeva, Claas Mueller, Holger Reinecke, IMTEK, Laboratory for 
Process Technology, University of Freiburg, Georges-Koehler-Allee 103, 79110 
Freiburg, Germany 
1 Introduction 
Having numerous advantages over low temperature fuels cells, like a low CO-sensitivity and 
the absence of a complex water management, high temperature fuel cells still have to deal 
with one major challenge – a high output of lost heat. To prevent the fuel cell from a 
breakdown due to overheating, the lost heat needs to be properly dissipated and therefore 
makes high demands on the thermal management. The nowadays solutions, like water or air 
cooling, often have a large sized setup due to components like cooling fans, pumps and 
additional radiators which also make it difficult to control the heat dissipation. Also, the low 
thermal conductivity of these systems makes the heat dissipating process slow and therefore 
less effective. An improvement in the modern heat dissipating techniques, for example 
through the implementation of heat pipes, is essential and therefore the subject of the 
present work. 
2 Heat Pipes as a Heat Dissipating Solution 
Heat pipes are known to have a high thermal conductivity being space saving at the same 
time. They are usually known to be tubular shaped and are used for CPU-cooling or 
dissipating the heat in pipeline systems. Reducing the heat pipe dimensions combined with 
novel shapes gives the possibility to implement heat pipes in other systems like the high 
temperature fuel cells. Three different types of heat pipes are presented in this work 
including possibilities of their implementation in a high temperature fuel cell and the 
evaluation of their thermal conductivity. 
Figure 1 shows the three heat pipe layouts. Figure 1a) shows a directly integrated assembly 
of four silicon heat pipes. It consists of two silicon plates (one of which containing the 
flowfield pattern on top) with groove shaped heat pipe structures (smaller image) which are 
bonded together. An opening close to the wafer frame is used for filling the working fluid 
inside the heat pipe and is sealed at the end of the filling process. Figure 1b) and c) show 
two layouts of graphite-heat pipe systems including commercialized copper heat pipes 
(round/flat). The graphite plates can easily be structured with a flowfield pattern on the outer 
side. In all three cases, the area of the flowfield was 2 cm x 5 cm. 
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a)
c)
b)
Figure 1: a) Silicon flowfield-integrated heat pipes, b) round copper heat pipes and c) 
flat copper heat pipes. 
3 Simulation 
An effective dissipation of heat in the fuel cell is strongly affected by the density of 
implemented heat pipes. The higher the density, the smaller the temperature peaks between 
the single elements. In case of silicon heat pipes this problem is solved through a maximum 
heat pipe density. In the case of round and flat copper heat pipes (Figure 1b) and c)) the 
temperature profile in the graphite plate cross section in dependence of the number of 
required copper heat pipes was calculated through a simulation. The maximum number of 
heat pipes was limited by the flowfield and the heat pipe width (3 mm for round heat pipes 
and 6 mm for flat heat pipes). The simulated temperature profiles are shown in Figure 2. 
 
Figure 2: Temperature distribution between single heat pipes in dependence of the heat pipe 
number in the graphite plate. 
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To prevent the graphite surface from overheating, the temperature difference should not 
overrun the value of 10 °C. According to the simulation results, this is the case for 7 round 
and 4 flat heat pipes of the named dimensions. 
4 Thermal conductivity 
The thermal conductivity λ is an important parameter in order to compare the efficiency of 
single heat pipe types. Due to a high complexity of the measurement of λ, the calculation 
was done indirectly through a comparison of heat pipes with a silicon plate/copper bar of the 
same dimensions and a known thermal conductivity. 
In the case of silicon heat pipes, the silicon plate with integrated heat pipes (filled and 
unfilled) and a solid silicon plate were heated on one end using a hot plate (temperature 
range: 100 – 170 °C) and cooled on the other end (PC-fan) and the temperature profile at 
defined measuring points (Figure 3) was measured with an infrared temperature 
measurement device. 
 
Figure 3: Temperature profile along a filled/unfilled silicon heat pipe compared to a solid 
silicon plate at a hotplate temperature of 170 °C. 
Assuming a nearly equal heat input and having the same dimensions, the relationship of the 
unknown thermal conductivity λ1 and the known thermal conductivity λ2 is: 
 
1
2
2
1
T
T
Δ
Δ
=λ
λ
. 
As expected, the temperature profile of the heat pipe has a considerably smaller gradient 
than plain silicon and the unfilled heat pipe. Using the upper equation, the thermal 
conductivity of the heat pipe λSi-HP results in: 
Proceedings WHEC2010 187
 
mK
W
T
T
Si
SiHP
Si
SiHP 1200≈Δ
Δ
= λλ  
The previously determined influences from the environment result in a decrease of λ of 
approximately 15-20%. Accordingly, the value of λSi-HP including the environmental influences 
is ca. 1400 
mK
W
.  
Similar to silicon heat pipes, the temperature profile along copper heat pipes was measured. 
Round copper heat pipes were therefore integrated in a graphite bipolar plate (Figure 4a)) 
and the determination of their thermal conductivity resulted from a comparison with a 
graphite/copper plate of same dimensions (725 W/mK, Figure 4b)). 
a)
 
b)
Figure 4: a) Graphite bipolar plate with integrated round copper heat pipes, b) temperature 
profiles of graphite+heat pipes, graphite and copper at a hotplate temperature of 
170 °C. 
In the case of flat copper heat pipes, the temperature profile was measured directly on the 
heat pipe surface due to its flatness and compared with a solid copper bar. The six 
measuring points were arranged along the centre line of the heat pipe and at the same 
intervals. The two outer points were arranged as close as possible to the hotplate/PC-fan. 
Figure 5a) shows the temperature profiles (at a hotplate temperature of 100 °C, 110 °C, 
120 °C, 140 °C, 160 °C and 170 °C) along the heat pipe (mean value of 20 heat pipes) and 
the copper bar and the temperature difference between the outer points in dependence of 
the hotplate temperature (Figure 5b), 3 heat pipes compared to 3 copper bars). 
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a) Copper bar
Heat Pipe
 
Copper bar
Heat Pipe
b)
Figure 5: a) Temperature profile along a heat pipe and b) temperature difference between 
the outer measuring points. 
Compared to the results of the copper bar, the temperature gradient of the heat pipe is 
extremely small and has a temperature difference between the outer measurement points of 
< 5 °C. The thermal conductivity of flat copper heat pipes can results in 36000 W/mK 
(including environmental influences). 
5 Experimental setup 
A model of the experimental setup including two flat copper heat pipes (with a width of 
24 mm) and a high temperature fuel cell is shown in Figure 6. 
 
Figure 6: Model of the experimental setup with two flat copper heat pipes. 
The model is symmetrical with the membrane electrode assembly (MEA) in the centre. The 
supply of hydrogen and oxygen, as well as the evacuation of the resulting water vapour and 
the unused hydrogen, occurs through the two end plates (stainless steel). The two inner 
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bipolar plates (BPP) contain a rectangular groove shaped flowfield structure and the MEA 
between them, where the hydrogen is split in protons and electrons. To dissipate properly the 
generated lost heat, a heat pipe is adjoined directly on the outer side of the inner bipolar 
plate, opposite to the flowfield structure and closed with a second bipolar plate. Finally, the 
assembly contains two thin copper plates for electrical contacting. This model can easily be 
expanded to a stack by simply repeating the MEA-BPP-unit. 
Figure 7 shows the experimental setup consisting of one cell with an active area of 25 cm2, 
including fuel inlets, water vapour/unused hydrogen outlets and an ohmic resistance. 
 
 
Figure 7: Integration of flat copper heat pipes in a high temperature fuel cell. 
Using an external heat source and two flat copper heat pipes, the high temperature fuel cell 
was heated to a temperature of 135 °C. During the operation, the produced lost heat could 
successfully be conducted from the fuel cell using the heat pipes and hence be maintained at 
a constant operating temperature level. During the operating time of several hours a power 
density of 328 mW/cm2was measured. 
The effectively accomplished heat supply, as well as the lost heat dissipation has proven a 
successful functionality of the heat pipes. 
6 Conclusions 
A novel possibility of dissipating heat in high temperature fuel cells by the implementation of 
heat pipes was presented in this work. Three different heat pipe types were shown: a silicon 
heat pipe and two different copper heat pipes. The silicon heat pipe features its extremely 
high integrity into a fuel cell, its compact size and a high thermal conductivity, which is more 
than three times larger then the thermal conductivity of copper. The round and flat copper 
heat pipes could easily be integrated in a fuel cell by being placed inside a drilled hole of one 
bipolar plate or in a cavity between two bipolar plates. Especially the flat copper heat pipes 
have shown excellent results in thermal conductivity, which was 120 times as big as the 
thermal conductivity of copper. All three heat pipe types featured a remarkable temperature 
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homogeneity over their length, which is essential for dissipating high amounts of lost heat in 
the high temperature fuel cell. An experimental investigation has proven the excellent 
functionality of heat pipes as a heat dissipating solution, by successfully conducting the start-
up heat towards the fuel cell as well as discharging the lost heat from the fuel cell during its 
operation. 
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Current Status of and Recent Developments  
in Direct Liquid Fuel Cells 
Jürgen Mergel, Andreas Glüsen, and Christoph Wannek 
Abstract 
Direct liquid fuel cells, such as the direct methanol fuel cell (DMFC) or the direct ethanol fuel 
cell (DEFC), convert liquid fuel directly into electric current. In comparison to fuel cell 
systems that operate with pure hydrogen or hydrogen-rich gases from reforming processes, 
the fuel in the DMFC is supplied directly via liquid methanol. Apart from the very high energy 
density of methanol, the DMFC is characterized by easy handling and trouble-free refueling. 
As the reforming step is by-passed in direct fuel cells, compensation in the form of higher 
overvoltages (i.e. electrochemical losses) is acceptable. Despite the resulting moderate 
power densities, direct fuel cells are more attractive for a variety of applications in the low to 
medium power range than PEM fuel cells powered by hydrogen. Examples of their use 
include replacement of batteries in portable applications and for light traction, as there is no 
need for the relatively expensive and time-consuming charging of batteries or for a spare 
battery for multipleshift operation. Furthermore, the high energy density of the liquid energy 
carrier permits much longer operating times than batteries or fuel cell systems based on 
hydrogen. This paper outlines the level of development of different direct liquid fuel cells 
based on current research findings and trends. 
 
 
Copyright 
Stolten, D. (Ed.): Hydrogen and Fuel Cells - Fundamentals, Technologies and Applications. 
Chapter 3. 2010. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
permission. 
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Conditions for Autonomy of a DMFC System 
Federico Zenith, Ulrike Krewer, Max Planck Institute for Dynamics of Complex 
Technical Systems, Germany 
1 Motivation 
Methanol-powered fuel-cell systems have a great potential for portable power in comparison 
to today’s ubiquitous lithium-ion batteries: the energy density of methanol is over 15 times 
that of Li-ion batteries on volume basis, and over 40 times on mass basis (Li-ion energy 
densities: ~1 J/mm³ and ~0.5 J/mg (Tarascon and Armand, 2001). Methanol energy 
densities: 17.36 J/mm³ and 21.92 J/mg (Perry and Green, 1997)). 
Direct methanol fuel cells (DMFC) convert methanol directly into electricity; while the overall 
efficiency of present systems may not be impressive (~20%), the high energy density of 
methanol more than offsets these losses. 
Compared to a Li-ion battery pack, a DMFC system requires a “dead weight” to process 
methanol into electricity, i.e. the fuel-cell stack itself, separators, mixers and coolers. 
Therefore, DMFC, compared to Li-ion batteries, have more of an advantage at low power-to-
energy ratios, i.e. for applications required to run independently for a long time. 
DMFC systems are already available in fire-surveillance cameras, as mobile power supply 
for recreational vehicles, and portable power supply for military applications. 
 
 
Figure 1: Energy density of DMFCs and batteries. 
2 DMFC Reference System 
DMFC systems can be divided up in two groups: passive systems, in which reactant 
transport is obtained by physical phenomena such as capillary pressure (Zhao et al., 2009), 
and active systems, in which the flows are driven by pumps, blowers or compressors. 
Active systems are more flexible, can react better to changing environmental conditions and 
are more efficient, but require a larger dead weight for their ancillary units; therefore, passive 
systems are preferred for smaller-size applications such as mobile phones, whereas active 
systems are more appropriate for laptop computers or portable power sources. 
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The modelled system is an active one, in which all units perform a single task without any 
integration (the exception being the fuel-cell stack itself). The system operates at 
atmospheric pressure, and is referred to as the reference system. 
The stack's anodic side operates on a lean methanol solution (~1M), pumped from a mixing 
tank. The solution is cooled after passing through the stack and the carbon dioxide produced 
by the reaction is then separated. The liquid phase returns to the mixer, completing the 
anodic loop. The stack's cathodic side is fed by environment air, which is pushed through the 
system by an inlet blower. The cathodic outlet is then cooled by a heat exchanger and any 
condensed water is recovered to the mixer. The neat methanol is pumped directly into the 
mixer. 
 
 
Figure 2: The reference DMFC system. 
The fuel-cell stack includes several phenomena, the most important of which are: 
 The anodic reaction, in which methanol and water are consumed to produce protons, 
electrons and waste carbon dioxide; 
 The cathodic reaction, in which protons, electrons and oxygen produce water; 
 The methanol cross-over, caused by diffusion of methanol through the membrane; 
 The water drag, caused by the hydration of protons migrating to the cathode;  
 Voltage is not modelled in full detail, but rather with a Thévenin approximation        
(i.e. voltage generator and a resistance), which is more appropriate for our purposes. 
Separators perform an ideal separation of two phases. Coolers are assumed to be controlled 
so that it is possible to set their process outlet temperature, within physical bounds. The 
mixer is the only unit with a mass hold-up, since it is assumed to store a much larger quantity 
of solution than all other units. Both the fuel-cell stack and the mixer have an energy hold-up, 
though the stack considers only the heat capacity of the plates. 
The resulting dynamic model is appropriate for bandwidths in the order of magnitude of 
several minutes or slower. 
3 Dynamics and Control of DMFC Systems 
The system model described in the previous section has been analysed for stability and 
controllability. The main dynamic variables are that of solution volume, methanol con-
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centration, mixer temperature in the anodic loop, oxygen partial pressure in the cathode, and 
fuel-cell temperature. 
All dynamic modes are stable, with the important exception of solution volume, which is 
metastable and slowly drifts away from its nominal value. Simulations indicate that this 
reduction can be as slow as 1 cm3 every several hours for portable systems, which makes 
the issue difficult to notice in laboratory test runs. To make a commercial system viable, 
however, solution volume must be controlled so that it is maintained to an acceptable value: 
to control a metastable dynamics, feedback control and some measurement of solution 
volume are mandatory. 
The adopted control strategy was to use a set of single-input, single-output controllers 
(decoupled control), with one controller for each dynamics. The resulting layout included 
(Zenith and Krewer, 2010): 
 Feedforward stoichiometry (λ) control for both cathode and anode inflow; 
 Feedback PI control of the anodic cooler to set stack temperature; 
 Feedback P control, with gain scheduling, of the cathodic cooler to stabilise the 
solution volume; 
 Feedforward control of neat-methanol inflow to the mixer, to compensate 
consumption by reaction and cross-over. 
The simulations and experimental runs indicated that the overall control system is sound, 
and that interactions among the control loops are limited; the only significant one, which is 
the interaction between the control loops of stack temperature and methanol concentration, 
does not lead to instability under broad conditions. 
4 Autonomy and Feasibility Envelope 
Given that it is possible to control a DMFC system such as the proposed one, it remains to 
be seen in which conditions this is at all feasible. The most critical variable is the water 
content in the solution: water is removed from the anodic side of the stack, mostly by the 
electro-osmotic drag, and must be recovered by the condenser on the cathodic side. The 
ability of a DMFC system to maintain its water content is termed autonomy. 
Since the minimum achievable condenser temperature is limited by the environment 
temperature, it can be imagined that there are conditions in which it will not be possible to 
recover the necessary amount of water if environment temperature is too high. 
Indeed, a steady-state analysis based on material balances shows that the autonomy of a 
DMFC system depends on a surprisingly small set of variables (Zenith et al., 2010): 
 Cathodic reactant excess ratio (the cathodic λ); 
 Environmental humidity; 
 Condenser temperature. 
It is worth remarking that autonomy does not depend on any of the following: 
 Current, voltage or other electrochemical variables; 
 Concentration, stack temperature, anodic flow rate, or other operating conditions; 
 Any cell parameter, such as those describing methanol cross-over, electro-osmotic 
drag, number or size of cells. 
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Autonomy of DMFC systems can therefore be determined in very general terms, for any 
DMFC system configured as our reference system (or systems with different configuration 
but leading to the same mass balances). One solution of the autonomy relationship is 
presented in figure 3. 
 
Figure 3: The value of Tcond represents the autonomy relationship; the sharp drop on the 
right is the edge of the feasibility envelope. The plot is for λ = 3. 
The set of environmental conditions (humidity and temperature) allowing operation of DMFC 
systems is termed the feasibility envelope. If necessary, this envelope can be extended by 
diluting the methanol reservoir with water, an approach taken in some prototypes produced 
by the industry; calculations, however, show that this approach does not improve autonomy 
significantly, and has the price of reducing the DMFC's main advantage, i.e. energy density. 
Extending the envelope by means of system pressurisation seems a more promising 
approach, even though pressurisation is known to reduce system efficiency and should be 
avoided whenever possible. Specularly, operation at pressures lower than one standard 
atmosphere (for example in high altitude) results in a significantly tighter feasibility envelope. 
5 Determination of Cross-Over Parameters 
The proposed DMFC system contains three feedforward control systems to set cathodic, 
anodic, and neat-methanol inflows. The autonomy criterion was derived assuming this 
control is perfectly implemented. All these feedforward control laws have to compensate for 
the cross-over, whose estimation is therefore of critical importance. 
To estimate the cross-over, the system was run on a slightly modified configuration: the neat 
methanol was injected directly on-line between the mixer and the fuel cell, and the 
concentration downstream of the mixing point was measured by a sensor. The neat-
methanol inflow was then set by a PI feedback controller, that maintained an inlet 
concentration of 1 M with a standard deviation of 2.5%. 
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Maintaining the stack temperature at 60 °C and the anodic cooler's at 40 °C, the cross-over 
was estimated by setting several currents in the interval between open circuit and 2300 A/m2 
and measuring the inflow of neat methanol set by the concentration feedback controller. 
When the steady state is reached, the resulting neat-methanol inflow is the steady-state sum 
of methanol lost to anodic reaction, cross-over and anodic separator (the last one being a 
negligible term). 
The cross-over model was validated by nonlinear model fitting. The two parameters used to 
estimate cross-over could be estimated with good precision, indicating that feedforward 
control is realistic. 
The two parameters are the mass-transport coefficients from the anodic bulk to the 
membrane (km) and from the anodic side of the membrane to the cathodic one (kx), the latter 
being relevant for crossed-over methanol only. 
Table 1: Estimates for mass-transport coefficients at 60°C, 1 M. 
Parameters Estimation Standard deviation 
km 8.00 µm/s 2.3 % 
kx 1.98 µm/s 1.8 % 
 
In further work, the cross-over will be estimated for other stack temperatures and methanol 
concentrations, in order to enable feed forward control in real systems, where these variables 
may change. 
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Direct Converting Low Temperature Bio-Ethanol Fuel Cells 
C. Cremers*, D. Bayer, J. Meier, F. Jung, B. Kintzel, J. Tübke, Fraunhofer Institute 
for Chemical Technology ICT, Department for Applied Electrochemistry, Joseph-von-
Fraunhofer-Str. 7, 76327 Pfinztal, Germany 
1 Introduction 
Bio-ethanol is a renewable fuel with low CO2 emissions. However, as its production conflicts 
with the production of food, it will not become abundantly available. A sustainable use 
therefore requires high efficiency. Fuel cells can deliver the required efficiency in producing 
electricity from bio-ethanol, in particular when direct conversion is possible. In low 
temperature fuel cells, which are suitable for a number of applications, conversion of ethanol 
is often hindered, leading to an incomplete oxidation of the fuel. As this incomplete oxidation 
reduces the conversion efficiency and can result in the formation of undesired by-products 
such as acetaldehyde, it should be avoided. Optimisation of the catalyst and the electrode 
layers is therefore required in order to use ethanol in low temperature direct ethanol fuel 
cells.  This optimisation needs to be carried out separately for all fuel cell technologies of 
interest. Currently available fuel cell technologies of interest are low-temperature proton 
exchange membrane fuel cells LT-PEMFC, alkaline anion exchange membrane fuel cells 
AEMFC and high-temperature proton exchange membrane fuel cells HT-PEMFC. Within this 
project, the electrochemical behaviour of ethanol at platinum electrodes at ambient 
temperature was investigated in both acidic and alkaline environments, employing standard 
electrochemical techniques such as cyclic voltammetry (CV), chronoamperometry (CA) and 
differential electrochemical mass spectrometry (DEMS). Additional tests were carried out for 
the oxidation of acetaldehyde as a known intermediate. Furthermore development of LT-
PEMFC electrodes and membrane electrode assemblies was performed, allowing for the 
stable operation of a DEFC at ambient temperature with passive air supply.  Additional tests 
on AEM-DEFC showed the high potential of this technology. 
2 Electrochemical Behaviour of Ethanol 
Electrochemical reactions are often hampered by adsorbates formed from the substrate 
which bind too strongly to the surface to be easily removed. In the case of the ethanol 
oxidation reaction, in order to find such adsorbates and determine their nature, stripping 
measurements were performed in a flow-through DEMS cell. For these measurements the 
electrode surface was cleaned by repeatedly cycling the potential of the electrode in neat 
electrolyte solution between the hydrogen and oxygen evolution potential until a stable base 
CV was observed. Subsequently the electrode potential is set to the desired adsorption 
potential and ethanol in electrolyte solution is admitted to the cell during the adsorption 
period. Finally the electrolyte is replaced by neat electrolyte again, and after all ethanol 
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signals have disappeared from the MS the electrode potential is cycled starting either in the 
anodic or the cathodic direction. In the case of the stripping of ethanol adsorbed from acidic 
solution, a number of studies can be found in literature1-3. In this project the results were 
compared to those for ethanol adsorption from alkaline solution. Comparable behaviour was 
observed. Adsorbing ethanol onto a cleaned polycrystalline platinum surface leads to the 
formation of two types of adsorbates differing in their desorption potentials during the anodic 
sweep of the stripping cycle. As can be seen from Figure 1 two oxidation peaks at about 0.6 
V vs. RHE and 1.1 V vs. RHE, respectively are observed during the stripping of ethanol 
adsorbates, both giving CO2 as the product.  
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Figure 1: Oxidation of adsorbed ethanol at platinum in 0.1 M KOH: Mass spectrometric ion 
current m/z 44, first anodic potential sweep (black line), Faradaic current, first 
anodic potential sweep (black circles), difference between the Faradaic current of 
the first and second anodic potential sweep (grey squares). Adsorption potential 
0.3 V vs. RHE, adsorption time 5 minutes, scan rate 10 mV s-1. 
However, if the stripping cycle is started in the cathodic instead of the anodic direction, the 
result differs significantly. Now in the low potential region the additional formation of methane 
is observed. The oxidation peak at about 0.6 V vs. RHE remains mainly unchanged whereas 
the oxidation peak at about 1.1 V vs. RHE has disappeared (cf. Figure 2). 
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Figure 2: Cathodically started stripping of ethanol adsorbates in 0.1 M KOH at platinum: 
mass spectrometric signal for carbon dioxide (m/z 44, grey squares), mass 
spectrometric signal for methane (m/z 15, grey circles) and Faradaic current of the 
first potential sweep (black line). Adsorption potential 0.3 V vs. RHE, adsorption 
time 5 minutes, scan rate 10 mV s-1. 
It was further found that the stripping of CO under these conditions yields a single oxidation 
peak at about 0.6 V vs. RHE independent of the starting direction of the stripping cycle. Thus 
it can be concluded that the products formed by the adsorption of ethanol are COads and 
CHx,ads. The splitting of the C-C bond is therefore not hindered at a clean platinum surface, in 
agreement with the results found in literature for the acidic environment. However, in both 
cases the product composition changes in presence of bulk ethanol.  This can be attributed 
to the poisoning of the electrode surface. The products released are acetaldehyde, acetic 
acid and ethyl acetate, both in the acidic and the alkaline environment.  In the acidic 
environment the use of PtSn instead of Pt electrodes decreases the on-set potential for 
aldehyde formation but does not support the further oxidation of the acetaldehyde (cf. Figure 
3 left) in agreement with literature4. However, it could be shown, that PtRu catalysts support 
the oxidation of acetaldehyde to carbon dioxide (cf. Figure 3 right). 
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Figure 3: MSCV of a platinum tin (3:1) electrode (left and a platinum ruthenium (3:19 
electrode (right) in 0.1M acetaldehyde, 0.5 M sulfuric acid solution, CV (straight), 
ethanol (dashed), ethyl acetate (dash-dot) and carbon dioxide (dotted). MSCV was 
recorded at ambient temperature with a scan rate of 20 mVs-1. 
In an alkaline environment the use of a palladium instead of a platinum catalyst can strongly 
increase the achievable current densities (cf. Figure 4). 
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Figure 4: Cyclic voltammograms of ethanol oxidation in 1M ethanol, 0.1M KOH solution at a 
platinum and a palladium electrode, respectively. 
Also some non-noble metals are active for ethanol oxidation under alkaline conditions (cf 
Figure 5). Details on the electrochemical investigations can be found in some recent 
publications5-8.  
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Figure 5: Activity of a base metal electrode for the oxidation of ethanol and methanol in KOH 
solution at ambient temperature. 
3 Membrane Electrode Assemblies and Single Cell Results 
Using the findings that PtRu, in contrast to PtSn, can catalyse the oxidation of intermediately 
formed acetaldehyde, a concept for an electrode layer containing both catalysts was 
developed. It was shown that the use of mixed anodes does increase the performance of the 
cell compared to cells that use only PtSn catalyst at the same catalyst loading (cf. Figure 6) 
and that the yield of carbon dioxide is increased even at a decreased catalyst loading (cf. 
Figure 7). 
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Figure 6: i-V and i-p properties of two different DEFC MEAs, with either Pt3Sn/C or a mixture 
of Pt3Sn/C and PtRu/C as anode layer, recorded at 50 °C, anode feed 1.5 ml/min 1 M 
ethanol solution, cathode feed 1 l/min synthetic air, scan rate 1 mVs-1. 
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Figure 7: U-I curve and online MS-data for ethanol conversion in a DEFC with Pt3Sn/C anode 
with 3.4 mgmetal/cm2 (left) and  DEFC with mixed Pt3Sn/C and PtRu/C anode with 
1.8 mgmetal/cm2 (right) recorded at 40 °C, 2.0 ml/min 1 M ethanol. 
This approach is protected by German patent 10 2007 031 526 with worldwide patents 
pending. 
Combining this approach with a new sPEEK based mixed matrix membrane developed by 
Fraunhofer IGB9, 10 results in membrane electrode assemblies able to operate at close to 
ambient temperature with low cathode airflow rates11 (cf. Figure 8) 
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Figure 8: Comparison of the catalyst mass normalized performance values of MEAs with 
three different types of electrolyte at 30 °C. Air flow is set to the minimum useful 
value with the respective membrane. 
These cells operate very stably, however their performance is more suitable for small power 
applications, such as small portable appliances or remote sensors. The performance can be 
increased using alkaline fuel cells (cf. Figure 9). Using commercially available materials, 
power densities of > 100 mW cm-2 were achieved at 50 °C without cell optimisation. 
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Figure 9: i-V curves of an AEM based DAFC with fumatech Fumasep membrane and Acta 
Hypermec electrodes operated at 50 °C and with synthetic air as oxidant. Fuel was 
either methanol or ethanol. 
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The alternative way to increase power densities could be an increase of the operating 
temperature. So it could be shown that the performance of Nafion® based DEFC is increased 
significantly by increasing the operating temperature to 80 °C. 
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Figure 10: I-V curves of a DEFC MEA with Nafion N-115 electrolyte, PtCo/C cathode with 2.3 
mg cm-2 loading and a mixed PtSn/C PtRu/C anode with 3.6 mg cm-2 loading, 
operated with 1 M ethanol at 1.5 ml min-1 and air at 1000 mlmin-1. 
A further increase of the operating temperature could therefore be a suitable option. First 
reports in literature on DEFC using either PBI/H2SO4 MEA12 or PBI/KOH MEA13 are quite 
encouraging. 
4 Conclusions 
The results show that the splitting of the C-C bond in ethanol is only hindered by the 
poisoning of the catalysts. An optimization of the catalyst to avoid the poisoning effects 
should be possible. As the oxidation the adsorbed COads and CHx,ads species requires the 
availability of   oxygen at the catalyst surface working at high pH levels will be beneficial as 
the oxygen availability increases with the pH. Alternatively, further increasing the reaction 
temperature should also help to avoid electrode poisoning. Thus DEFC in the kW power 
scale should be feasible.   
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Effect of the Impurities in Methanol Fuel on the 
Performance of MEA for Direct Methanol Fuel Cell 
Dong-Hyun Peck, Young-Chul Park, Byung-Rok Lee, Doo-Hwan Jung,  
Fuel Cell Research Center, Korea Institute of Energy Research (KIER), Daejeon, 
Korea 
1 Introduction 
The impurities in the methanol fuel that is used for direct methanol fuel cell (DMFC) could 
greatly affect the performance of membrane electrode assemblies (MEA). The most common 
impurities in the commercial methanol fuel are mainly ethanol, acetone, acetaldehyde, or 
ammonia. In this study, the effect of impurities in methanol fuel was investigated on the 
performance of MEA. We will propose the optimum compositions and limit concentration of 
impurities in methanol fuel for high performance of MEA for DMFC. 
2 Experimental 
The effect of impurities in the methanol fuel was evaluated using the 6 different kinds of 
commercial methanol fuels (methanol W, A, B, C, D, and E), as listed in Table 1.  
The MEA was fabricated using commercial Nafion 115 as a membrane, PtRu/C (HISPEC 
12100, Johnson Matthey Fuel Cells) as an anode catalyst, and Pt/C (HISPEC 13100, 
Johnson Matthey Fuel Cells) as a cathode catalyst. A single cell with active electrode area of 
9.0 cm2 was tested using an electrochemical test system (Won-A Tech., Korea). The 
changes of voltage/power density of the cells during the supply of methanol fuel with different 
commercial methanol were performed at 60oC and constant operating current of 1.35 A (150 
mW cm-2) under ambient pressure. A solution of 1M methanol solution was fed into the 
anode at a flow rate of 2 cc min-1 and air was supplied into the cathode at a flow rate of 400 
cc mim-1. The anode polarization of the cells was also measured under the same conditions 
as those of a single cell test, except that hydrogen (H2) gas was supplied to the cathode at a 
flow rate of 10 ml min-1 in order to make a dynamic hydrogen electrode (DHE).  
Impedance spectra of the single cells during an electrochemical reaction at 60oC and 
galvanostatic operation of 1.35 A (150 mW cm-2) were observed using an electrochemical 
analysis instrument (Zahner, IM6&IM6eX, Germany). Cyclic voltammograms (CV) test was 
measured in the three electrodes, and the scan rate of the CV was 1 mV s−1. A glassy carbon 
disk (1 cm2) with electrocatalysts is used as working electrode, Pt mesh as counter-
electrode, and Ag/AgCl electrode as reference. 0.5 M H2SO4 and 1 M methanol solution were 
served as electrolytes for the CV test and N2 was bubbled into the electrolytes during the 
experiment. 
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Table 1: Property table of commercial methanol (methanol W, A, B, C, D, and E). 
 Methanol 
Matter 
Methanol  
W 
Methanol 
A 
Methanol 
B 
Methanol 
C 
Methanol  
D 
Methanol 
E 
Water (%) max. 0 max. 0.2 max. 0.01 max. 0.1 max. 0.2 max. 0.2 
Non-volatile matters (%) max. 0 max. 0.001 max. 0.001 max. 0.001 max. 0.001 max. 0.001 
Acid (as CH3COOH) (%) max. 0 max. 0.003 max. 0 max. 0 max. 0.003 max. 0.003 
Alkali (as NH3) (%) max. 0 max. 0.0003 max. 0 max. 0 max. 0.0003 max. 0.0003 
Acetone, Aldehydes 
(as C2H5OH) (%) max. 0 max. 0.003 max. 0.001 max. 0.001 max. 0.003 - 
Assay (by G.C) (%) min. 99.9 min. 99.8 min. 99.8 min. 99.8 min. 99.8 min. 99.5 
 
3 Results  
The changes of voltage/power density of the cells during the supply of methanol fuel with 
different commercial methanol are shown in Fig. 1. MEA 1 was constantly supplied with 
methanol W, whereas MEA 2 was supplied with different methanol listed in Table 1 for the 
period of 24 h. A solution of 1 M Methanol of MEA 2 was replaced as the following order; 
methanol W → methanol A (A sector) → methanol W → methanol B (B sector) → methanol 
W → methanol C (C sector) → methanol W → methanol D (D sector) → methanol W → 
methanol E (E sector) → methanol W. As shown in Fig. 1, when MEA 2 was supplied with 
methanol A, the performance of the cell was abruptly decreased as compared with the other 
methanol solution. The cell supplied with methanol A showed the performance loss of about 
10 mW cm-2. When MEA 2 Also was supplied with methanol E, the performance of the cell 
was slightly fluctuated. These results indicate that a methanol solution supplied into a DMFC 
cell could affect the performance and durability of the cell. 
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Figure 1: Changes of voltage/power density of the cells during the supply of methanol fuel 
with different commercial methanol (operating current: 1.35 A (150 mW cm-2)). 
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Such results appear to be proved from anode polarization curve of the cells (Fig. 2) and 
impedance analysis (Fig. 3).  Fig. 2 shows anode polarization curves of the cell supplied with 
methanol W and methanol A. It was found that anode overpotential loss of the cell supplied 
with methanol A was higher than that of the cell supplied with methanol W (Fig. 2). In 
addition, as presented in Fig. 3, charge transport resistance of the cell supplied with 
methanol A was higher than that of the cell supplied with methanol W. These results indicate 
that methanol A supplied into a DMFC cell adversely affected electrochemical reactions on 
the anode electrode. Assumedly, it appears to be ascribed to impurities in commercial 
methanol A.  
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Figure 2: Anode polarization curves of the 
cell during the supply of methanol 
fuel with methanol W and 
methanol A. 
Figure 3: Anode impedance spectra of the 
cell during the supply of methanol 
fuel with methanol W and 
methanol A. 
According to Table 1, commercial Methanol A, which showed higher performance loss than 
the other methanol, includes impurities such as ethanol, acetone, acetaldehydes and 
ammonia. Therefore, to examine effects on the performance of cells of these impurities in 
methanol fuel, the following study was performed with methanol fuel adding ethanol, 
acetone, acetaldehydes, and ammonia of 0.5 wt% to standard methanol W, as presented in 
Fig. 4. Methanol fuel including different impurities (0.5 wt%) was replaced as the following 
order; methanol W → methanol W + ethanol (A sector) → methanol W → methanol W + 
acetaldehyde(B sector) → methanol W → methanol W + acetone(C sector) → methanol W 
→ methanol W + NH3 solution(D sector) → methanol W. 
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Figure 4: Changes of voltage/power density 
of the cell with impurity (0.5 wt%) 
in methanol fuel with methanol W. 
Figure 5: Changes of voltage/power density 
of the cell with ammonia in 
methanol fuel with methanol W 
(impurities: 0.1 wt%). 
As shown in Fig. 4, when methanol fuel including ethanol or acetone as an impurity was 
supplied into the cell, the cell voltage slightly dropped from 0.47 V to 0.45 V and 0.44 V, 
respectively. In contrast, when methanol fuel including acetaldehyde or ammonia was 
supplied into the cell, the cell voltage significantly dropped from 0.45 V to 0.35 V and 0.0015 
V, respectively. Especially, ammonia as an impurity in methanol fuel made the cell severely 
damaged. However, it should be noted that these impurities did not bring about irreversible 
performance losses of the cell. Although voltage recovery rate of the cell varied with a kind of 
impurity, the cell was finally recovered to a normal voltage by supplying methanol W, which 
includes less impurity.  
Fig. 5, Fig. 6 and Fig. 7 exhibit change of voltage/power density of the cells according to 
concentration of ammonia (Fig. 5: 0.1 wt%, Fig. 6: 0.05 wt%, Fig. 7: 0.01 wt%) in methanol 
fuel. When methanol fuel including ammonia of 0.1 and 0.05 wt% was supplied into the cell, 
the cell voltage dropped from 0.44 V to 0.37 V and 0.39 V, respectively (Fig. 5 and 6). On the 
other hand, when methanol fuel including ammonia of 0.01 wt% was supplied into the cell, 
the cell voltage did not drop, as shown in Fig. 7. This indicates that the performance of the 
cell was affected by concentration of ammonia in methanol fuel. These results present that 
concentration of ammonia in methanol fuel is below 0.01 wt% to avoid the performance 
degradation by supplied methanol fuel. 
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Figure 6: Changes of voltage/power density 
of the cell with ammonia in 
methanol fuel with methanol W 
(Impurities: 0.05 wt%). 
Figure 7: Changes of voltage/power density 
of the cell with ammonia in 
methanol fuel with methanol W 
(Impurities: 0.01 wt%). 
To investigate change of electro-activity of the anode catalyst (PtRu/C, HISPEC 12100, 
Johnson Matthey Fuel Cells) according to the concentration of ammonia in methanol fuel, 
cyclic voltammetry of the anode catalyst was measured in 0.5 M H2SO4 and 1M methanol 
solution including ammonia of 0.5 and 0.05 wt%. From cyclic voltammetry of Fig. 8, it was 
found that as concentration of ammonia increased, oxidation current of methanol gradually 
decreased. This result indicates that as concentration of ammonia increased, electro-activity 
of the anode catalyst decreased. 
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Figure 8: Cyclic voltammetry in methanol fuel with the concentration of ammonia (0.05 wt% 
and 0.5 wt%)  
4 Conclusion  
In this study, the effect of impurities in methanol fuel was investigated on the 
performance of MEA for DMFC. The methanol solution with commercial methanol A 
was supplied into the DMFC cell, the performance of the cell was decreased 
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compared with the other methanol solution. When methanol E was supplied into the cell, 
the performance of the cell was slightly fluctuated. According to the anode polarization 
curves and impedance spectra, anode overpotential loss and charge transport resistance of 
the cell supplied with methanol A was higher than that of the cell supplied with methanol W. 
The methanol fuel including acetaldehydes or ammonia as an impurity was supplied into the 
cell, the cell voltage significantly dropped from 0.45 V to 0.35 V and 0.0015 V, respectively. 
Especially, ammonia in methanol fuel made the cell severely damaged. The performance of 
the cell was directly affected by concentration of ammonia in methanol fuel. This study 
present that concentration of ammonia in methanol fuel is below 0.01 wt% in order to avoid 
the performance degradation by supplied methanol fuel. However, it should be noted that 
these impurities did not bring about irreversible performance losses of the cell. From the 
results of cyclic voltammetry, it was found that as concentration of ammonia impurity 
increased, electro-activity of the anode catalyst decreased. 
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Manufacturing Technologies for Direct Methanol Fuel Cells 
(DMFCs) 
Andreas Glüsen, Martin Müller, Nicola Kimiaie, Irene Konradi, Jürgen Mergel, 
Detlef Stolten, Institute of Energy Research – IEF-3: Fuel Cells, Forschungszentrum 
Jülich, Germany 
1 Introduction 
Fuel cell research is focussing on increasing power density and lifetime and reducing costs 
of the whole fuel cell system [1]. In order to reach these aims, it is necessary to develop 
appropriately designed components outgoing from high quality materials, a suitable 
manufacturing process and a well balanced system.  
To make use of the advantages that can be obtained by developing production technology, 
we are mainly improving the coating and assembling techniques for polymer electrolyte fuel 
cells, especially Direct Methanol Fuel Cells (DMFCs). Coating is used for making fuel cell 
electrodes as well as highly conductive contacts. Assembling is used to join larger 
components like membrane electrode assemblies (MEAs) and bipolar units consisting of flow 
fields and the separator plate, as well as entire stacks. 
On the one hand a reproducible manufacturing process is required to study fine differences 
in fuel cell performance affected by new materials or new designs. On the other hand a 
change in each parameter of the manufacturing process itself can change product properties 
and therefore affect fuel cell performance.  
As a result, gas diffusion electrodes (GDEs) are now produced automatically in square-meter 
batches, the hot-pressing of MEAs is a fully automated process and by pre-assembling the 
number of parts that have to be assembled in a stack was reduced by a factor of 10. These 
achievements make DMFC manufacturing more reproducible and less error-prone. All these 
and further developments of manufacturing technology are necessary to make DMFCs ready 
for the market. 
2 Coating Technology 
An important manufacturing step for Direct Methanol Fuel Cells is the preparation of fuel cell 
electrodes by coating techniques. It is our aim to understand and, in a later step, to take 
advantage of the influence of coating technology on electrode properties. For our new pilot 
production facility, built in 2008/2009 (see below), we chose complementary coating 
techniques in order to allow comparing different techniques for electrode preparation as well 
as different ways to integrate the catalyst layer into the membrane electrode assembly 
(MEA). The electrodes can be prepared onto a gas diffusion layer (GDL) to form a gas 
diffusion electrode (GDE) or onto a membrane to form a catalyst coated membrane (CCM) 
[2]. A catalyst layer can be made in one coating step or by coating several thin layers on top 
of each other. The coating techniques available in Jülich are knife-coating, slot-coating and 
screen-printing. 
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2.1 GDE-manufacture by knife-coating 
In the past 8 years manual small-scale manufacturing of GDEs was transferred in Jülich to a 
continuous roll-to-roll knife coating process. GDLs and GDEs are now routinely 
manufactured in widths of up to 45 cm and a maximum continuous length of 45 meters. For 
the manufacture of a 90-cell DMFC stack in the kW-class for use in a horizontal order picker 
in 2009, 30 meters of GDL were continuously manufactured and used as the substrate for 
the manufacture of GDEs in 5 batches. Batch-size for GDEs was limited because of the high 
cost of noble metal catalyst and the resulting high economic risk in case of an (improbable) 
failure of a coating batch. GDL manufacture was made by coating a layer consisting of PTFE 
(40%) and carbon black (60%) onto teflonized carbon fabric. Dry coating weight was 
3.7 mg/cm² with a standard deviation of 0.3 mg/cm² as determined from 80 samples of 20 
cm² taken at various positions along the length and the width of the GDL. The standard 
deviation was approximately the same when comparing samples taken at one lateral position 
along the length of the GDL and for samples taken at one longitudinal position across the 
GDL. On top of this GDL the catalyst layers were coated with an average noble metal loading 
of 2.2 mg/cm² (cathodes) and 2.3 mg/cm² (anodes) and a standard deviation of 0.1 mg/cm² 
in both cases. Due to this good reproducibility the performance of the individual cells in a 90-
cell DMFC stack is very homogeneous as can be seen in Figure 1. Lower cell voltages in the 
first and the last cell are probably due to thermal loss through the end-plates. 
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Figure 1: Cell voltage distribution in a 90 cell DMFC stack at a current density of 0.16 A/cm², 
70 °C and high air flow rates. 
 
2.2 Advanced coating equipment 
In order to further optimize coating technology, a new coating facility was set up in Jülich in 
2008 and 2009. In the new coating facility equipment for knife coating, for slot coating and for 
screen-printing is available. A flexible roll-to-roll coating machine is available for knife coating 
and slot coating. It has been constructed by Coatema under the brand-name Click & Coat 
[3]. It consists of several individual modules, which can be combined to a coating machine as 
required for a specific coating task. Figure 2 shows a coating machine made by combining 
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several different modules. Figure 3 shows schematically how the machine can be modified to 
compare different manufacturing processes. While the final production process for GDEs will 
contain coating and several processing steps, for example drying, sintering and calendering, 
it may be useful to find out, how the individual process steps can best be combined.  For 
example, it can be studied by changing the machine setup if calendering is more effective 
before or after sintering. A simpler machine can be combined to just study the basic process 
consisting of coating and drying. The resulting raw electrode can then be fed into another 
setup to study and optimize one individual process step. Another roll-to-roll coating machine 
is specifically designed for slot-coating both sides of a membrane at the same time. This will 
allow continuous manufacture of CCMs. Single-sided slot-coating is also possible with this 
machine and will be used for coating membranes as well as decal substrates. Screen 
printing is done with a standard screen printer as routinely used in the electronics industry.  
 
Figure 2: Flexible coating machine made up of several modules. 
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Figure 3: Schematic representation of different machine setups; left: complex machine for 
coating and several post-processing steps, middle: simple coating machine, right: 
machine for studying one processing step (here: sintering). 
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2.3 Substrate for electrode preparation 
When electrodes are made by coating onto a GDL (GDE-route), coating is usually easy 
because the substrate is mechanically and dimensionally relatively stable. All coating 
techniques are suitable for this route and it is therefore this route that is currently used for all 
large scale manufacturing projects in Jülich. Coating onto membrane is more difficult, 
because many membranes are not as stable as the GDLs and because membranes tend to 
swell during the coating process due to the solvent used in the catalyst ink. These problems 
can best be avoided by using the screen-printing technique. During the printing process the 
screen is pressed onto the substrate by the squeegee. This results in a flat substrate during 
coating even if swelling occurs. An alternative is to coat and dry the catalyst layer on a so 
called decal substrate and transfer the catalyst layer to the membrane by hot-pressing. 
2.4 Coating techniques 
Different coating techniques can be used to make catalyst layers from a catalyst ink and they 
all have their specific advantages and disadvantages. Therefore it is necessary to compare 
different coating techniques in order to use the best technique for each coating application. 
The techniques differ in the geometries that can be coated and in the influence the substrate 
has on the coating result. A general differentiation is between a continuous process where 
the substrate is passed from roll to roll through the coating equipment and a discontinuous 
process where individual sheets of substrate are coated one after the other.  
Knife coating and slot coating are continuous processes whereas screen-printing is a 
discontinuous process. The amount of catalyst ink applied in the knife coating process is 
controlled by the distance of the coating knife and the substrate. The porosity of the 
substrate, however, leads to an additional amount of ink that penetrates into the substrate. In 
the slot coating process in contrast, the amount of catalyst applied to the substrate is 
controlled by a metering pump and independent of the substrate. In both cases the coating 
amount can be varied continuously. The screen used for screen-printing determines the 
amount of catalyst ink applied to the substrate. For each variation of the amount of catalyst 
ink, a different screen has to be made. 
3 Assembling 
The fabrication of fuel cells and their components can be broken down into a number of 
assembly steps. The monitoring and verification of material flows and the associated 
documentation are crucial processes in all assembly steps. The DMFC stacks in the kW 
range developed at IEF-3 have an active cell area of 315 cm² and mainly consist of graphite 
bipolar plates. For stacks with lower power output stainless steel or other alloys were also 
tested. In this article the focus is on the assembling process of the graphite material. The 
assembling of these stacks is consisting of different production steps: 
 Manufacturing of the structures by punch cutting and laser or water beam cutting 
 Pre-assembly of membrane electrode assemblies (MEAs)  
 Pre-assembly of bipolar units outside the stack 
 Robot assisted stacking of bipolar units and MEAs 
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 Mechanical fastening of the stack 
 Installation of faceplates 
3.1 Membrane electrode assemblies  
Outgoing from coated substrates the membrane electrode assemblies (MEAs) were built up. 
This is done under a temperature of 130 °C and a defined pressure [4] in a hot pressing 
module. The process is fully automated so that reproducibility can be guaranteed. Figure 4 
shows on the left hand the subcomponents of the MEA: Membrane, anodic and cathodic 
GDE and stabilizing frames. On the right hand the robot assisted supply of the MEA 
components into the hot pressing module is shown, next to the hot pressing module is a 
further press module for cooling the components from 130 °C down to environmental 
temperature. During the pressing process the parameters temperature, pressure and 
distance between the hardboards are electronically logged.  
 
 
Figure 4: MEA setup and robot assisted MEA production. 
The challenge is in handling the flexible electrodes and the flexible membrane under 
moisture expansion. During this assembling step the very flexible structures of the 
membrane and the electrodes are transformed in the frame stabilized MEA structure that is 
easy to handle. After the assembling process the MEAs are ready for stack integration and 
electrochemical tests.  
3.2 Pre-assembly of bipolar units 
To produce stacks with a homogeneous media distribution and an even cell voltage 
distribution it is necessary that the manufacturing tolerances are not affected by the 
assembly process itself. This is difficult especially if flexible materials like expanded graphite 
are used. The bipolar units used in DMFC stacks developed at IEF-3 consist among other 
things of three different expanded graphite layers. By building up the bipolar unit in layers it is 
possible to adapt the material properties better to the functional demands of each layer. The 
bipolar unit consists of the flexible cathodic flow field, the firm separator plate, the flexible 
anodic flow field, centering bolts and a very flexible wick (Figure 5).  
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One way to achieve a precise and reproducible bipolar unit is to fix these subcomponents 
with adhesives in a pre-assembling process. With a special adhesive that is stable under the 
anodic and cathodic conditions and which releases no ionic or organic impurities the different 
parts of the bipolar unit get bonded.  
Pre-assembling of the bipolar unit reduces the number of parts by a factor of eight during the 
stack assembling process. Compared with using three flexible layers the assembly of the 
bipolar unit allows to control the manufacturing tolerances before the stack assembly.  
The pre-assembling of the bipolar unit is done automatically by a robot technology. The 
adhesive is deposited on the components by a robot based sprayer. After the deposition of 
the adhesive the components of the bipolar unit are stacked by the robot (Figure 5). Finally 
the parts get bonded under pressure and temperature inside the hot pressing module. 
The repeat accuracy of the robot is 0.06 mm. Compared with a manual assembly this is very 
accurate. Furthermore the robot system is flexible so that different tools like vacuum gripper, 
dispenser and sprayer can be used. A quick release tooling system allows different tools to 
be connected to the robot with a change-over time of only a few seconds, whereby the robot 
grips the required tool itself.  
 
 
3.3 Quality assurance 
To know if a different cell performance is affected by a new design or different manufacturing 
techniques it is necessary to control the manufacturing tolerances of each component of the 
stack. It is essential that the dimensional compliance is verified in order to reveal possible 
errors as early as possible.  
In contrast to standard components, which have a limited number of characteristic 
dimensions, a topographic profile of large surfaces must be created for fuel cells. This can be 
done with the aid of a non-contact 3D laser measurement system and the corresponding 
analysis software (see Figure 6). Measurement accuracies up to 0.01 µm can be achieved.  
 
 
Figure 5: Bipolar unit setup and robot assisted assembly of wick. 
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 Figure 6: Laser scan device and results of bipolar unit scanning. 
 
3.4 Stack assembling 
After all components have passed preassembling and quality control the stack can be built 
up. Figure 7 shows on the left hand a 90-cell stack built up in 2009 and on the right hand a 
polarization plot of the same stack at an operating temperature of 70 °C and a methanol 
concentration in the anodic loop of one mole per litre. This stack is a result of a government-
funded project with the aim of introducing DMFC technology into horizontal order pickers. 
After the first electrochemical tests the stack was integrated into a DMFC system that fits into 
a horizontal order picker for a 3,000 h duration test [5].  
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Figure 7: 90-cell DMFC stack and polarization plot. 
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Applying Methanol Vapor in Passive Planar DMFC as Micro 
Power Sources 
Xiaohui Tian, Thomas Jungmann, Georgios Sandris, Christopher Hebling, Fraunhofer 
Institute for Solar Energy Systems, Freiburg, Germany 
1 Introduction 
The today’s personal electronic devices challenge the power sources more strongly due to 
the enhanced features of the devices which consume much more energy than before. For 
example, the electrocardiography (ECG) device as demonstrator shown in this work can only 
work for approx. 24 hours with one piece of normal AA battery. This gives patients and 
doctors inconvenience for a long-term and non-Stop monitoring as well as data recording. 
Beside high capacity batteries like Li-ion battery the fuel cells, especially direct methanol fuel 
cells (DMFCs), seem to be suitable potential solution for replacing the conventional batteries 
because of the high energy density of liquid methanol, easy recharging and handling [1].  
However, the special characteristics of DMFC, methanol crossover, determines that only 
diluted methanol solution (normally 1 – 2 mol/l) could be used in DMFC and in the most 
cases pumps, valves or other side equipments are needed. This increases the complexity of 
BOP (Balance of Plant) and therefore reduces the system efficiency [2-5].  
In this work a unique planar DMFC system designed as micro power sources with fully 
passive operation is introduced. The specialty is to use methanol vapor passively at anode 
side under methanol boiling point which is realized by a phase separation membrane as the 
evaporator. The air-breathing cathode allows oxygen to enter fuel cell by natural diffusion. 
Based on the previous studies [6,7] the DMFC fed with methanol vapor (vDMFC) shows 
more advantages than the traditional liquid DMFC. The gaseous reactant has better reaction 
kinetics than liquid feed. The single gas phase inside fuel cell reduces the mass transport 
problem, for instance, no more block of methanol to catalyst layer by produced CO2 bubbles. 
Using high concentrated or even pure methanol becomes possible because no liquid 
methanol directly touch the anode catalyst layer, but only methanol vapor. Therefore, the 
methanol crossover problem is not as big as liquid DMFC. As consequence the energy 
density can be greatly increased. The passive delivery means no active devices like pumps 
etc. needed so that the vDMFC system could be constructed with very compact design and 
light weight which is suitable for the portable applications.  
2  Working principle of vapor fed DMFC (vDMFC)  
One of the core components in vDMFC is the phase separation membrane (PS-membrane) 
working as passive evaporator shown in Fig. 1. The PS-membrane is a polymer-based fine 
porous layer covered with very thin silicon film on one side. The liquid methanol can not 
directly go through this PS-membrane, but is first absorbed on the silicon side, then diffuses 
through the membrane to the other side and is desorbed as vapor phase from the other side. 
This absorption / desorption process realizes methanol change from liquid phase to vapor 
phase. The PS-membrane can also prevent overload of liquid (pure) methanol to the anode 
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which can cause overheating by enormous methanol crossover. So this membrane can also 
work as self-regulator.  
 
 
Figure 1: Schematic representation of phase separation membrane which consists of 3 
layers: Selective silicon layer, micro porous substrate and fleece. 
The pure methanol is used in this work without extra water supply. The water required for 
anodic reaction comes from ambient humidity. The water vapor from the air diffuses from 
cathode side through the membrane to the anode to start the reaction. Once the reaction is 
activated, the more water will be produced at the cathode side and go back to the anode by 
back-diffusion.  
3 Characterization of vDMFC-operation 
To evidence that water vapor in the air with normal relative humidity (rH) is sufficient for 
activating the reaction, an “air-box” with closed and defined volume was constructed for 
testing condition change affected by the open cathode. Several sensors were integrated in 
the “air-box” to measure the environmental parameters such as concentration of oxygen, 
methanol, rH, temperature, pressure and so on.  Fig. 2 shows a typical measurement curves 
recorded during the vDMFC working in the “air-box”. During the first several minutes the rH 
(green line) in the box reduced quickly from 50% to 45% and then kept increasing up to 70%. 
This evidences that the water is consumed from the environment to activate the reaction and 
then produced from the reaction. The temperature (black line) rise from room temperature 
25°C to 33°C and oxygen concentration (blue line) decrease confirm the reaction taking 
place. The methanol concentration (red line) in the box at the cathode side was recorded 
about 16 times higher than that at beginning which means methanol crossover still existed 
with methanol vapor feed at anode, but acceptable with 100% methanol in the anode tank.  
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 Figure 2: Measurement curves of environmental parameters recorded in the „air-box“ during 
the vDMFC working. Cathode side faces into box. Anode side is coupled with 
methanol tank containing pure methanol. Experiment was conducted at room 
temperature without heating device. 
Several measurements were carried out with vapor and liquid methanol solution in the test 
cell setup described in [5] which was fully passive operated and temperature controlled. A 
comparison result is shown in Fig.3. At 50°C and passive operation the vDMFC yields over 
20 mW / cm² which is higher than 0.5 M and 1 M liquid methanol DMFC. 
A number of MEAs designed for vDMFC were screened in the test cell setup at 30°C and 
50°C, respectively. The maximal power densities of each MEA are summarized in Fig.4. 
Most of the MEAs work at high temperature well with about 20 mW / cm² or more. At lower 
temperature the produced power densities are generally much lower than that at 50°C due to 
the worse reaction kinetics and less methanol vapor evaporation.  
Cell working Box open 
Proceedings WHEC2010 229
 Figure 3: Comparison of cell performance of vDMFC (100% methanol) and liquid DMFC 
(0.5 M / 1 M) at the same condition. 
 
Figure 4: Summary of max. power densities of different MEAs in vDMFC at 30°C and 50°C. 
4 Realization of vDMFC-prototype 
The cross-section illustration of a vDMFC module is shown in Fig.5 (a) which includes CO2 
absorber, methanol tank and vDMFC. The methanol vapor and produced CO2 can enter or 
get out of the cell through the separated channels. Because the single vDMFC has a very 
Proceedings WHEC2010 230
low working voltage, in the final demonstrator a 4-cell system with series connection was 
designed for a high total voltage as shown in Fig.5 (b). The size of the planar vDMFC is 
47x75x4 mm and the whole system is 15 mm thick. In the methanol tank min. 6 ml Methanol 
can be stored and delivered passively into anode independent of position. The entire system 
can deliver about 50 mW so far.   
 
a)  
b)  
Figure 5: (a) Illustration of a vDMFC cross-section and (b) complete 4-cell system assembly. 
 
Proceedings WHEC2010 231
References 
[1] S.K. Kamarudin, W.R.W Daud, S.L. Ho and U.A. Hasran, Journal of Power Sources, 
163 (2), 743-754 (2007) 
[2] J. H. Han, H. T. Liu, Journal of Power Sources, 164 (1), 166-173 (2007) 
[3] A. Oedegaard, C.Hebling, A. Schmitz, S.Möller-Holst, R. Tunold, Journal of Power 
Sources, 127 (1-2), 187-196 (2004) 
[4] J.G. Liu, T.s. Zhao, R.Chen and C.W. Wong, Electrochemistry Communications, 7 (3), 
288-294 (2005) 
[5] S. Eccarius, X. Tian, F. Krause, K. Beard and C. Agert, Journal of Micromechanical 
and Microengineering . 18, 2008 
[6] S. Eccarius, B. Garcia, C. Hebling, J. W. Weidner, Journal of Power Sources, 179 (2), 
723-733 (2008) 
Proceedings WHEC2010 232
A Novel Power Generation System Based on Combination 
of Hydrogen and Direct Carbon Fuel Cells for Decentralized 
Applications 
Nazim Muradov, Franklyn Smith, Pyoungho Choi, Gary Bokerman, University of 
Central Florida, USA 
Abstract 
Fuel cell (FC) based power generation systems are characterized by highest chemical-to-
electrical (CTE) energy conversion efficiency compared to conventional power generators 
(e.g., internal combustion and diesel engines, turbines). Most efforts in this area relate to 
hydrogen-FC coupled with hydrocarbon fuel reformers (HFR). However, the overall CTE 
efficiency of the combined HFR-FC systems is relatively low (about 30-35%). The objective 
of this work is to develop a highly-efficient power generation system integrating a 
hydrocarbon decomposition reactor (HDR) with both hydrogen and direct-carbon FC. A 
unique feature of direct carbon FC is that its theoretical CTE efficiency is close to 100% and 
the practical efficiency could rich 80-90%. The concept of the integrated hydrogen and direct 
carbon FC system is discussed and the experimental data on the performance testing of a 
HDR coupled with PEM FC are presented in this paper.  
1 Introduction 
In view of dwindling resources of hydrocarbon fuels, it is imperative to substantially increase 
the efficiency of power generation systems.  Fuel cells (FC) are considered the most efficient 
chemical-to-electrical (CTE) energy conversion devices.   Most of R&D efforts in this area are 
focused on hydrogen-fuelled FC, including proton exchange membrane (PEMFC), alkaline 
(AFC), molten carbonate (MCFC) and solid oxide (SOFC) FC. Typically, FCs are coupled 
with reformation units that provide hydrogen-rich gas to the FC. Due to availability of 
hydrocarbon fuels and the convenience of their storage, hydrocarbon fuel reformers (HFR) 
are predominant type of reformers for a variety of applications. However, the overall CTE 
efficiency of the combined HFR-FC systems is relatively low (about 30-35%) mainly due 
intrinsic limitations of hydrogen-FC theoretical efficiency (70%) and significant losses (20-
40%) in HFR.  
FC utilizing elemental carbon as fuel (called direct carbon fuel cells, DCFC) have received 
relatively little attention, compared to H2-powered FC. In DCFC, solid carbon is introduced to 
the anode compartment where it is electro-oxidized to CO2 generating electricity: 
C + O2 → CO2 Eo= 1.02 V (1) 
Figure 1 depicts the comparison of different fuels in terms of their theoretical (maximum) and 
actual (or practical) efficiency (Cao et al, 2007).  The actual efficiency of DCFC could be 
defined by the following equation: 
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where, η is FC actual efficiency, ΔG, ΔH and ΔS are free energy, enthalpy and entropy of the 
reaction (1), μ is a fuel utilization coefficient, V and Vo are operating and open circuit voltages 
of FC, and V/Vo is a voltage efficiency.   
Since for the reaction (1) ΔS≈0, and assuming that for DCFC μ ≈ 1 (since the fuel-carbon and 
the product CO2 exist in separate phases, allowing full conversion of carbon in a single pass) 
and V/Vo ≈ 0.8÷0.9, the efficiency of DCFC could be as high as 80-90%.  
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Figure 1: Comparison of efficiencies of fuel cells using different fuels. 
Recently, DCFC has been under the development and efficiencies reaching 80% have been 
demonstrated (Cherepy et al, 2005). The objective of this work is to develop a highly-efficient 
electrochemical energy conversion device based on the integrated operation of hydrogen- 
and carbon-powered fuel cells. 
2 Experimental 
Methane (99.99 v.%) was obtained from Air Products and Chemicals, Inc. and used without 
further purification.  Methane was catalytically decomposed over carbon-based catalysts at 
850-900oC in a hydrocarbon decomposition reactor (HDR) to produce hydrogen-rich gas.  All 
experiments were conducted at atmospheric pressure. On-line analysis of the effluent gas 
was performed gas chromatographically (TCD, Ar-carrier gas, silica gel column and FID, He-
carrier gas, HysepDb column).  Analysis of carbon products was conducted by X-ray 
diffraction (XRD, Rigaku) and scanning electron microscopic (SEM, Jeol 6400F) methods. A 
single and four-cell PEMFC stack was assembled from parts provided by Fuel Cell 
Technologies Inc. and tested using different H2-CH4 mixtures and the effluent gas from the 
HDR. An individual cell consists of a 25 cm2 single serpentine flow field on both anode and 
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cathode. In measuring polarization curves, current was stepped up from zero to the 
maximum test current density with an increment between 10 and 100 mA cm-2.  A 100A 
Model 890B Scribner load box (Scribner Associates, Southern Pines, NC) with a built-in 
current interrupt resistance measurement was used for the polarization measurements. 
3 Results and Discussion 
The proposed concept is based on the integration of a HDR, DCFC and H2-powered FC 
(PEMFC or SOFC), as shown in Fig. 2. In the HDR, hydrocarbon fuel (e.g., methane or 
natural gas) is catalytically decomposed (T=800-900oC) to hydrogen-rich gas and carbon.  
The hydrogen-rich gas can be used in PEMFC or SOFC, whereas, the carbon product is 
withdrawn from the HDR and used in the DCFC with the efficiency of 80-90%. The 
combination of the HDR with SOFC is more preferable (than with PEM), because of better 
thermal integration of the HDR and SOFC operating in a close temperature range (850-
900oC). High-temperature heat generated by SOFC could be used to drive the hydrocarbon 
decomposition reactions (in case of methane, about 20% of the SOFC heat output would be 
necessary). The remaining portion of the thermal output of the SOFC (steam + CO2) could be 
used to produce additional electricity via a turbine (or a Rankine cycle) with the efficiency of 
30-35%. 
 
Figure 2: Simplified schematic diagram of integrated power generator. 
The concentration of hydrogen in the hydrogen-rich gas depends on the nature of 
hydrocarbon and operating temperature in the HDR; at the temperature range of 800-900oC, 
the hydrogen concentration is in the range of 40-80 vol%, the balance being predominantly 
methane along with small amounts of C2+ hydrocarbons. If a low-temperature (80oC) PEMFC 
is used, H2 is consumed with the efficiency of 40-45%, while methane exits the FC intact and 
is used as a heat source for the HDR (e.g., via its combustion). In the case of high-
temperature (900oC) SOFC, both components of the H2-CH4 mixture are consumed as fuel 
with the average efficiency of 45-50%.    
H2-CH4 mixtures with the hydrogen concentration of 40-50 vol.% were obtained by 
thermocatalytic decomposition of methane as a feed at 850-900oC and atmospheric 
pressure. High-surface area amorphous forms of carbon were used as catalyst for the 
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process (Muradov et al., 2005, 2009). Before introducing H2-CH4 mixture to PEMFC, it is 
necessary to purify it of possible CO impurities (although there is no oxidant is present in the 
feed, CO could be formed in the HDR due to presence of moisture and oxygenated groups 
on the surface of carbon catalyst). Reduction of CO concentration in the hydrogen-rich gas 
down to 10 ppmv and below was accomplished via the methanation reaction by passing the 
gas over Ru/Al2O3 catalyst at 350oC, as follows:  
CO + 3H2 → CH4 + H2O (350 oC) 
Two series of experiments were conducted: with a single cell and four cell stack PEMFC. 
The experimental set-up for testing the four-cell stack PEMFC is shown in Fig. 3.  
 
Figure 3: Experimental set-up with a four-cell PEMFC stack with an internal humidifier. 
The H2-CH4 mixture could be directly fed to PEMFC without a need for an elaborate gas 
conditioning and purification systems such as water gas shift and preferential oxidation units 
required by conventional reformers.  Figure 4 shows the results of performance testing of a 
single-cell PEMFC using the hydrogen-rich gas produced in the HDR. The HDR-PEMFC 
system ran for several hours without deterioration. These data indicate that PEMFC could be 
successfully operated on the H2-CH4 feed produced from hydrocarbon fuels.  
We have conducted extensive studies on the characterization of carbon products of the 
process. The data indicate that carbon exhibits certain three-dimensional ordering, however, 
it lacks the perfect structural order characteristic of graphite (which is typical of turbostratic 
carbon). It has been reported that turbostratic carbon exhibited unusually high 
electrochemical reactivity in molten carbonate-based DCFC (Steinberg et al, 2002). 
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Figure 4: Performance testing of a single cell PEMFC using hydrogen-rich gas produced by 
hydrocarbon decomposition reactor operating on methane as a feedstock. 
The overall CTE of the integrated system (including a turbine) operating on methane was 
estimated at 49% and 79% with PEMFC and SOFC options, respectively. Thus, the CTE of 
HDR-SOFC-DCFC integrated system is about two times higher than that of a conventional 
reformer-FC system. 
Concluding, the advantages of the proposed integrated power generator over conventional 
reformer-FC based power generators are as follows: (1) significantly higher overall CTE 
efficiencies, (2) thermal integration, which simplifies the thermal management of the system, 
(3) the lowest amount of CO2 emissions per kWh produced, (4) production of sequestration-
ready CO2 (since CO2 is produced in FCFC in a concentrated form), which obviates the need 
for costly and an energy intensive capture of CO2.   
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Durability of MEA Prepared with PFA-g-PSSA Membrane for 
Direct Methanol Fuel Cell 
Dong-Hyun Peck, Segoo Kang, Byung-Rok Lee, Doo-Hwan Jung, Fuel Cell 
Research Center, Korea Institute of Energy Research (KIER), Daejeon, Korea 
1 Introduction 
The direct methanol fuel cell (DMFC) is considered as a promising power source for portable 
multifunctional electronic devices and light-duty vehicles. The long-term stability of 
membrane materials for membrane electrode assemblies (MEAs) is of significant concern 
due to the degradation of cell components. The prepared sulfonic acid membranes with 
radiation-induced grafting method are potential substitutes for their corresponding 
commercial fuel cell membranes. The poly(tetrafluoroethylene-co-perfluorovinylether) (PFA) 
films as a polymer substrate with thermal, chemical and mechanical stabilities is used in this 
work. To evaluate long-term stability of the prepared MEA with radiation-grafted membrane 
(PFA-PSSA) for DMFC, the single cell is tested for 2000 h in a galvanostatic mode at a 
constant current density of 150 mA/cm2 at 60 oC. During the long-term test, the changes in 
the cell performance are analyzed by the polarization curves, impedance spectra, the voltage 
and the output power of cell for roughly time intervals of 500 h.  
2 Experimental 
The polymer membrane was prepared by the simultaneous polymerization of styrene onto 
PFA films. Poly(tetrafluoroethylene-co-perfluorovinylether)-grafted-polystyrene sulfonic acid 
(PFA-g-PSSA) membranes were prepared by radiation-induced grafting method using a 
simultaneous irradiation technique of styrene onto PFA films with thickness of 50 μm and a 
subsequent sulfonation in a chlorosulfonic acid/dichloroethane mixture.  
PtRu/C (HiSPEC 12100, Johnson Matthey) and Pt/C (HiSPEC 13100, Johnson Matthey) 
catalysts are used as the catalysts for anode and cathode, respectively. The Pt loading was 
2 mg/cm2 for the electrodes and the active area of the MEA was 9 cm2. The MEA using 
PF50-SS50 membrane was fabricated by hot pressing method at 150 oC with a pressing 
pressure of 50 kg/cm2 for 1 min (PFx-SSy: x = thickness of PFA film, y = DOG (degree of 
grafting) of polystyrene) 
For long-term performance test of the MEA, a 1.0 M methanol solution (1.3 cc/min) and air 
(200 cc/min) were fed in the anode and cathode electrodes, respectively. The long-term 
performance test was carried out at a constant current density of 150 mA/cm2 (1.35 A) for 
2000 h at the temperature of 60 oC . 
3 Results  
SEM photographs of the cross-section of the PFA-g-PSSA films are shown in Figure 1. The 
thickness of PFA-g-PSSA films increased from 64 μm to 81 μm as increased the DOG of the 
membrane from 30 % to 80 % as shown in Fig 1. The enlarged images of Figure 1(a), 1(b) 
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and 1(c) are shown in Figure 1(d), 1(e) and 1(f). These SEM results confirm the incorporation 
of polystyrene in the pores of PFA films. 
 
Figure 1: SEM images of the cross-section of the radiation-grafted membranes:  
(a, d) PF50-SS30, (b, e) PF50-SS50, (c, f) PF50-SS80. 
Figure 2 shows the polarization curves of the single cells with the radiation-grafted 
membranes (PF50-SS30, PF50-SS50 and PF50-SS80). The power densities of the cells with 
the PF50-SS30, PF50-SS50 and PF50-SS80 membranes were 113, 123 and 118 mW/cm2, 
respectively, at a constant cell voltage of 0.4 V. In addition, the ohmic resistance of single 
cell were 0.109, 0.104, and 0.105 Ωcm2, respectively. The cell with PF50-SS50 membrane 
shows the highest cell performance than the other cells. 
 
  
Figure 2: Polarization curves of the single 
cells with PFA-g-PSSA 
membranes at 60 oC. 
Figure 3: Long-term performance of a 
single cell based on the PF50-
SS50 membrane at 60 oC. 
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Figure 3 shows the long-term performance of the cell based on the PF50-SS50 membrane 
for 2000 h at constant current density of 150 mA/cm2 and 60 oC. At the beginning of the test, 
the cell provides 0.471 V (70mW/cm2) of cell voltage and the cell voltage drop to 0.344 V 
(51.6 mW/cm2) after 2000 h operation. The observed power density loss over the 2000 h 
period is about 26.2% (70 mW/cm2 → 51.6 mW/cm2). The decay rate of the cell voltage during 
2000 h operation was determined to be about 61.6 μV/h.  
In order to evaluate for MEA degradation, polarization curves were measured before and 
after the long-term test as shown in Figure 4. The initial peak power density of single cell was 
143 mW/cm2, and after preformed long-term test for 2000 h, the peck power density reduced 
to 86 mW/m2.  
Figure 5 shows the impedance spectra of the single cell at 0.4 V during the long-term test. 
The impedance arc increases with decreasing polarization due to increase charge-transfer 
resistance. On the impedance analysis results, the ohmic resistance of single cell increased 
from 0.101 to 0.103 Ωcm2 after long-term operation. 
 
  
Figure 4: Polarization and power density 
curves of the cells before and 
during long-term test. 
Figure 5: Impedance spectra of the cell 
according to polarization. 
Figure 6 illustrates the powder X-ray diffraction (XRD) patterns of the anode and cathode 
catalysts. The XRD patterns exhibited primarily an intense diffraction peak (002) at 2θ = 26o 
for carbon in the carbon paper. The characteristic peaks corresponding to Pt (111), (200) and 
(220) were identified from Pt and PtRu catalysts. These peaks indicated that Pt was present 
in the face-centered cubic (fcc) structure and the Pt (220) peak was selected to calculate the 
particle size of catalyst. 
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 Figure 6: XRD patterns of the anode and cathode catalysts before and after long time test. 
The mean particle sizes of the catalysts are summarized in Table 1. The change of particle 
size of the cathode and anode catalysts varied in the range of 0.5 nm and 2.0 nm, 
respectively. All the particle size of catalysts increased after long-term performance test and 
the particle size of the cathode catalyst increased much higher than the anode catalyst. 
Table 1: Mean particle size of the catalysts calculated from XRD. 
 
Anode Cathode 
Before test After 2000 h Before test After 2000 h 
Particle size (μm) 2.0 2.5 4.1 6.1 
 
 
Figure 7: TEM images of anode (a,b) and cathode (c,d) catalysts before (a,c) and after (b,d) 
long time test. 
Figure 7 illustrates the TEM images of the anode and cathode catalysts before and after the 
long-term test. All the particle size of catalysts increased after long-term performance test as 
shown in Figure 7. The particle size of the cathode catalyst increased much higher than the 
Proceedings WHEC2010 242
anode catalyst after the long-term test (Figure 7(b) and 7(d)).  Also, the morphology of the 
catalysts was changed to circle-like shape.  
SEM images of cross-sectional of the MEA and PF50-SS50 membrane are shown in 
Figure 8. The PF50-SS50 membrane thickness of the initial MEA was 50 μm, and the anode 
and cathode catalyst layer was 25 μm and 32 μm. The thickness of PF50-SS50 membrane 
and anode catalyst layer remained constant after 2000 h of long-term test.  
 
 
Figure 8: SEM images of cross-section of MEA (a,b) and surface of PF50-SS50 membrane 
(c,d) before (a,c) and after (b,d) long time test. 
However, the thickness of the cathode catalyst layer decreased to roughly 15 μm. Decrease 
of the thickness of the cathode catalyst layer was attributed to the oxidation of the carbon 
support by the hydrogen peroxide, which was formed during the oxygen reduction reaction. 
The samall granins was formed on the surface of the prepared PF50-SS50 membrane owing 
to thermal decomposition of polystyrene into grafted PFA film after the long-term test for 
2000 h.  
4 Conclusions 
In this work, the long-term performance of prepared MEA with PF50-SS50 membrane was 
tested with a constant load 150 mA/cm2 for 2000 h at 60 oC. The observed power density 
loss over the 2000 h period is about 26.2% (70mW/cm2 → 51.6 mW/cm2). The decay rate of 
voltage for the cell operation up to 2000 h was determined to be about 61.6 μV/h. The 
performance loss of the single cell is considered to be due to increase of particle size of 
catalysts, reduction of the cathode catalyst and thermal decomposition of the PF50-SS50 
membrane. 
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Combined Local Current Distribution Measurements and 
High Resolution Neutron Radiography of Operating Direct 
Methanol Fuel Cells 
Alexander Schröder, Klaus Wippermann, Institute of Energy Research, IEF-3: Fuel 
Cells, Forschungszentrum Jülich GmbH, 52425 Jülich, Germany 
Tilman Sanders, Institute for Power Electronics and Electrical Drives (ISEA), RWTH 
Aachen University, Jägerstraße 17–19, 52066 Aachen, Germany 
Tobias Arlt, Helmholtz Centre Berlin, Institute for Applied Materials, Hahn-Meitner-
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1 Abstract 
Neutron radiography allows the investigation of the local fluid distribution in direct methanol 
fuel cells (DMFCs) under operating conditions. Spatial resolutions in the order of some tens 
of micrometers at the full test cell area are achieved. This offers the possibility to study 
practice-oriented, large stack cells with an active area of several hundred cm2 as well as 
specially designed, small test cells with an area of some cm2. Combined studies of high 
resolution neutron radiography and segmented cell measurements are especially valuable, 
because they enable a correlation of local fluid distribution and local performance [1, 2]. The 
knowledge of this interdependency is essential to optimise the water management and 
performance respecting a homogeneous fluid, current and temperature distribution and to 
achieve high performance and durability of DMFCs. 
2 Introduction 
One of the main problems in the development of direct methanol fuel cells is the uneven fluid 
distribution. While CO2 bubbles may inhibit the methanol supply on the anode side, water 
droplets on the cathode side block the oxygen supply. Combined with the concentration 
decrease of the reactants across the active area along the flow field channels, these effects 
lead to a pronounced inhomogeneous current distribution as well as to a power loss of the 
fuel cell. With the knowledge of the local distribution and transport behaviour of CO2 bubbles 
and water droplets at different operation modes, investigations on the improvement of cell 
components and design are possible. 
By means of segmented circuit boards, the currents of separate cell segments can be 
measured during operation of the cell. In order to investigate the effects leading to the 
inhomogeneous current distribution, a further measurement technique is mandatory, allowing 
the observation of the CO2 and water distribution. In order to use a completely non-invasive 
method for the observation of CO2 and water, we used neutron radiography, which has 
proved its applicability for a variety of questions [3–10]. This method is based on the high 
attenuation coefficient of hydrogen compared to the attenuation coefficient of most metals 
and carbon. The neutron beam is less affected by the solid cell components compared to 
liquid water which leads to a strong absorption of the beam. Thus, the distribution of 
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hydrogen-rich species can be observed during operation. In the test set-up, the neutron 
radiation is attenuated while passing the cell in through-plane direction. The transmitted 
radiation is converted into visible light by means of a scintillator which then can be detected 
by a charge-coupled device camera. Placing the scintillator close to the test cell allows for 
resolutions down to 70 µm. A combination of neutron radiography and segmented current 
distribution measurement results in an in situ correlation of the current and fluid distribution. 
3 Experimental 
3.1 Electrochemical set-up and test cell 
The functional layers of the used membrane electrode assemblies (MEAs) with an active 
area of either 4.2 cm × 4.2 cm or 21 cm × 15 cm were prepared onto carbon cloth (Ballard). 
In case of the small MEAs, an untreated carbon cloth and a (standard) hydrophobised 
carbon cloth were used as substrate. To compare hydrophobised and untreated gas diffusion 
layers (GDLs) in the same cell under operating conditions, the cathode GDL was vertically 
split into an untreated left part and a hydrophobised right part. In case of large stack MEAs, 
only hydrophobised carbon cloth was used. The microporous layer consisted of 60 wt.% 
carbon (Cabot) and 40 wt.% PTFE. The anode catalyst consisted of 75 wt.% Pt/Ru and 
25 wt.% carbon (Johnson Matthey). The Pt/Ru loading of the anodes was about 2 mg cm-2. 
The cathode catalyst had a composition of 57 wt.% Pt and 43 wt.% carbon (Johnson 
Matthey) with a Pt loading of about 2 mg cm-2. The anode and cathode electrodes were hot-
pressed on both sides of a Nafion N-115 membrane. 
Two types of flow fields were used: The first type of flow field is made of graphite and is used 
for the electrodes of small cells with an active area of about 18 cm2. These flow fields have a 
grid design with ribs (1 × 1 mm2 area) and channels (1 mm width and depth). The second 
type of flow field is made of Sigraflex (SGL Group) and applied for the electrodes of large 
stack cells (active area: 315 cm2). The anode flow field has a 6-fold meander design and the 
cathode flow field a multi-channel design. The flow arrangement of all the flow fields was 
counter flow. The air feed was at the top and the methanol feed at the bottom of the cells. 
All measurements were carried out at a temperature of 70 °C and ambient pressure. The 
anode was constantly fed by a methanol solution with a concentration of 1 mol l-1 and the 
cathode was supplied by air. The respective stoichiometric factors are indicated in the figures 
below. 
The current distribution was measured via segmented printed circuit boards (PCBs) which 
were inserted between the aluminium end plate and one of the flow fields. An exploded view 
of the assembly used for small cells is shown in Fig. 1. A detailed description of the setup 
can be found in [11]. Adapted to the flow field sizes, circuit boards with either 25 segments 
(small cells) or 54 segments (stack cell) were used. 
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Figure 1: Exploded assembly drawing of the test cell including the adapter printed circuit 
board (PCB) used in [1, 2]. 
 
3.2 Neutron radiography 
The radiography experiments were performed at the neutron tomography instrument 
CONRAD/V7 at Helmholtz Centre Berlin (formerly Hahn-Meitner Institute) in Germany. The 
imaging set-up is based on a pinhole geometry with a small variable aperture. The main part 
of the detector system is a 16-bit low-noise CCD camera (Andor DW436N with 
2048 × 2048 pixel2) 0. The camera is focused by a lens system on a neutron sensitive 
scintillator screen (mostly Gadox or LiF) which was mounted close to the fuel cells to ensure 
high spatial resolutions down to 70 µm in case of the small cells and 200 µm in case of the 
large cells. 
4 Results of Combined Neutron Radiography and Current Distribution 
The results obtained with a small MEA including a cathode carbon cloth splitted into an 
untreated part (left side of cell) and a hydrophobised part (right side of cell) are shown in 
Fig. 2. The left part of Fig. 2 shows the neutron radiograph and the right part the 
corresponding current distribution for an average current density of 300 mA cm-2. Under 
these conditions, water droplets appear in the cathode channels over the entire left side of 
the cell. The flooding of cathode channels (see dark spots on neutron radiograph) 
corresponds to the decreased local current in this part of the cell (see blue segments): The 
untreated part of the cell contributes to 38 % of the total power generation only. 
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Figure 2: Normalised radiograph (left hand) and the corresponding current distribution 
(right hand) of a MEA with a vertically split cathode carbon cloth; T = 70°C,  
λMeOH = λair = 4, j = 300 mA cm-2; dark spots in cathode grid channels indicate water 
droplets; light grey colour of anode grid channels reveals CO2 evolution. 
At the neutron tomography instrument CONRAD/V7 at Helmholtz Centre Berlin, a neutron 
beam widening allows to investigate areas up to 20 cm × 20 cm. This area is for example 
adequate for large single stack cells of Forschungszentrum Jülich GmbH with an area of 
315 cm2 (21 cm × 15 cm). The design of these stack cells includes a multifold-meander 
anode flow field and a multi-channel cathode flow field. Fig. 3 shows a first, normalised 
neutron radiograph of such a stack cell under DMFC operating conditions (T = 70 °C, 
j = 150 mA cm-2, λair = λMeOH = 4). Though the distribution of the neutron beam intensity is 
locally and temporally inhomogeneous and has to be improved further, the light grey 
meander channels and water droplets in parts of the cathode channels can be clearly 
identified (left hand of Fig. 3). The current distribution shows a lower power generation of 
39 % in the bottom part of the cell (right hand of Fig. 3), which is most probably caused by 
oxygen depletion. It is assumed, that the oxygen concentration in the bottom part of the cell 
is not only reduced by consumption due to Faradaic reaction, but also by partial blocking of 
cathode channels. 
 
     
Figure 3: Normalised radiograph (left hand) and the corresponding current distribution (right 
hand) of a single stack MEA (active area: 315 cm2); T = 70 °C, λMeOH = λair = 4,  
j = 150 mA cm-2; dark spots in cathode straight channels indicate water droplets; 
light grey colour of anode meander channels reveals CO2 evolution. 
j [m
A cm
-2] 
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5 Conclusions 
The combination of high resolution neutron radiography and simultaneous measurement of 
the local current distribution provides valuable information about the influence of GDL 
wettability on the performance of a DMFC. It turns out that hydrophobisation of the cathode 
carbon cloth seems to be important, as it enables a fast removal of water droplets, facilitates 
the oxygen transport in the cathode GDL and cathode flow field channels and thus increases 
the performance. It should be emphasised, that a simulation of the flow conditions in large 
stack cells by using small single cells is challenging. Hence, for future neutron radiography 
measurements in through-plane mode one should pay special attention to the investigation of 
practice-oriented, large stack cells. For the first time, the fluid distribution of large stack cells 
was measured by combined neutron radiography and current distribution measurements. 
Acknowledgements 
We gratefully acknowledge the financial support of this work by the German Federal Ministry 
of Education and Research (BMBF) under Grant No. 03SF0324. 
References 
[1] A. Schröder, K. Wippermann, J. Mergel, W. Lehnert, D. Stolten, T. Sanders, T. 
Baumhöfer, D. U. Sauer, I. Manke, N. Kardjilov, A. Hilger, J. Schloesser, J. Banhart 
and C. Hartnig, Electrochemistry Communications 11 (2009) 1606–1609 
[2] A. Schröder, K. Wippermann, W. Lehnert, D. Stolten, T. Sanders, T. Baumhöfer, N. 
Kardjilov, A. Hilger, J. Banhart, I. Manke, Journal of Power Sources, Journal of Power 
Sources (2010), doi:10.1016/j.jpowsour.2010.02.057, in press 
[3] D. Kramer, E. Lehmann, G. Frei, P. Vontobel, A. Wokaun, G. G. Scherer, Nuclear 
Instruments and Methods in Physics Research A 542 (2005) 52–60 
[4] I. Manke, C. Hartnig, M. Grünerbel, J. Kaczerowski, W. Lehnert, N. Kardjilov, A. Hilger, 
J. Banhart, W. Treimer, M. Strobl, Applied Physics Letters 90, 184101 (2007) 
[5] C. Hartnig, I. Manke, N. Kardjilov, A. Hilger, M. Grünerbel, J. Kaczerowski, J. Banhart, 
W. Lehnert, Journal of Power Sources 176 (2008) 452–459 
[6] I. Manke, C. Hartnig, N. Kardjilov, M. Messerschmidt, A. Hilger, M. Strobl, W. Lehnert, 
J. Banhart, Applied Physics Letters 92, 244101 (2008) 
[7] M. A. Hickner, N. P. Siegel, K. S. Chen, D. S. Hussey, D. L. Jacobson, M. Arif, Journal 
of The Electrochemical Society, 155 (4) B427–B434 (2008) 
[8] P. Boillat, D. Kramer, B. C. Seyfang, G. Frei, E. Lehmann, G. G. Scherer, A. Wokaun, 
Y. Ichikawa, Y. Tasaki, K. Shinohara, Electrochemistry Communications 10 (2008) 
546–550 
[9] D. Spernjak, S. G. Advani, A. K. Prasad, Journal of The Electrochemical Society, 156 
(1) B109–B117 (2009) 
[10] A. Turhan, S. Kim, M. Hatzell, M. M. Mench, Electrochimica Acta 55 2734–2745 (2010) 
[11] D. U. Sauer, T. Sanders, B. Fricke, T. Baumhöfer, K. Wippermann, A. A. Kulikovsky, H. 
Schmitz, J. Mergel, Journal of Power Sources 176 (2008) 477–483 
[12] N. Kardjilov, A. Hilger, I. Manke, M. Strobl, W. Treimer, J. Banhart, Nuclear Instruments 
and Methods in Physics Research A 542 (2005) 16–21 
Proceedings WHEC2010 249

FC Fuel Cell Basics
FC.1 Electrochemistry of PEM Fuel Cells
FC.2 PEM/HT-PEM Fuel Cells: Electrolytes, Stack Components
FC.3 Direct Fuel Cells
FC.4 High-Temperature Fuel Cells
FC.5 Advanced Modelling
FC
  F
ue
l C
el
l B
as
ic
s
Proceedings WHEC2010 251

High-Temperature Fuel Cell Technology 
Gael P. G. Corre and John T. S. Irvine 
Abstract 
This chapter reviews high temperature fuel cell technology. The two main concepts are the 
Solid Oxide Fuel Cell (SOFC) and the molten carbonate Fuel Cell (MCFC). SOFCs feature a 
solid oxide electrolyte, and operate in the range 600–1000°C, while MCFCs feature a molten 
carbonate electrolyte, and operate in the range 500–700°C. Due to their high temperatures, 
such fuel cells offer different characteristics, applications, requirements and advantages to 
that of low temperature fuel cells. Key advantages over low temperature fuel cells are the 
fuel flexibility, offering the possibility to operate with practical fuels, and an improved overall 
efficiency. After fuel cells principles and characteristics have been introduced, the SOFC 
technology is reviewed. The history, applications and materials used in SOFCs are 
presented. An overview of MCFCs is given as well. Finally, a study of fuel cell 
thermodynamics and efficiency is provided. 
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Evaluation of the Electrical Contact Area at the SOFC 
Cathode 
Vincent A.C. Haanappel, I.C. Vinke, L.G.J. de Haart, D. Stolten, 
Forschungszentrum Jülich GmbH, Institute of Energy Research (IEF-3), D-52425 
Jülich, Germany 
Abstract 
In the frame of the ZeuS-III project, a model study was started on evaluation the area-
specific resistances (ASRs) of various layers being used in SOFC stacks. It is well known 
that stack performance not only depends on cell resistance but also on the electrical 
conductivity of the various applied contact and protective layers. Various layers have been 
tested under simulated SOFC conditions, and results have shown that the lowest ASR value, 
about 3 mΩ.cm², was obtained for an LSM (2) contact layer. A significantly higher resistance 
was found for the combined contact and protective layer LCC10-Mn3O4, being around 
37 mΩ.cm². Related to the various tests, the total ASR of an F-design stack, developed by 
Forschungszentrum Jülich, under ideal conditions can be estimated. In this case the ASR 
value was calculated as the sum of that of the LCC10-Mn3O4 layer and the formed oxide 
scale due to oxidation of Crofer22APU. Contacting resistance at the anode side was 
considered negligible. When differences in the ASR values occurred when compared with 
that from current – voltage measurements performed with real SOFC stacks, this can be 
explained by the limited contact area between interconnect and cathode. These results can 
be used to model the influence of various applied layers and different geometric contact 
areas on the overall ASR as determined from performance measurements with SOFC 
stacks. 
1 Introduction 
The application of protective and/or contact layers on metallic interconnects in SOFC stacks 
is indispensable. On one hand, to inhibit chromium evaporation at the air side, and on the 
other, to assure good contacting between cathode and the metallic interconnect [1-3]. 
Poisoning of the cathode by chromium deposition is one of the main reasons of severe 
degradation of SOFC performance. In order to prevent chromium evaporation from the 
interconnect a protective layer is needed. Such a layer has to be gas tight and to possess 
good electrical conductivity. The use of a contact layer is needed for assuring good electrical 
contact between interconnect and cathode: compensation of dimensional tolerances of the 
parts. 
Stack performance depends not only on the cell resistance itself, but also strongly on the 
conductivity or resistance of the various materials being used in an SOFC stack: the higher 
the contact resistance between the various layers and the resistance of the individual layers 
being applied, the lower the output performance. 
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This contribution deals with a model study on evaluating area-specific resistances of various 
individual layers as well as various combinations of layers, used as protective and/or contact 
layers in SOFC stacks. 
2 Experimental 
Each sample consists of two metallic (platinum) sheets, one sheet with dimensions of 
50 x 50 mm² and the other with a size of 40 x 40 mm². In one case, Crofer22APU was 
chosen as the metallic sheet (50 x 50 mm²). Before applying the layer(s) to be tested both 
surfaces were ground with 1200 grit and rinsed with ethanol. Two Pt-wires were attached to 
these sheets, one for applying a current load and the other for measuring the corresponding 
voltage (4 point DC). An overview of the tests including the tested layers and their deposition 
techniques is listed in table 1. A subdivision of the series of tests is made by the purpose of 
the various layers, i.e. (1) current collector (LSM(1)), (2) contact (LCC10, LSM(2)) and (3) 
protective (Mn3O4) layers. Also tests with combinations of layers were performed. 
Table 1: Various tests including tested layers and their application techniques. 
Application Pt – 50 x 50 mm² Deposition 
technique 
Pt – 40 x 40 mm² Deposition 
technique 
Current coll. LSM (1) **SP – 70 µm - - 
     
Contact LCC10 *WPS – 130-150 
µm 
- - 
 LSM (2) **SP – 70 µm - - 
     
Protective Mn3O4 *WPS – 10 µm - - 
     
Combinations LCC10-Mn3O4 *WPS – 150 µm - - 
 LCC10-Mn3O4 *WPS – 150 µm LSM (1) **SP – 70 µm 
 LSM (2) **SP – 70 µm LSM (1) **SP – 70 µm 
 ***LSM (2) **SP – 70 µm - - 
*WPS: wet powder spraying; **SP: screen-printing; ***Crofer22APU as the metallic sheet forming 
interfacial oxide layer. 
 
All tests were run with three samples, connected in series with each other and in such mode 
that no differences in current load occurred between the tested samples. Figure 1 shows the 
three samples with Pt as the metallic sheets coated with a current collector LSM (1) layer. All 
samples were isolated from each other by a thin alumina plate. On top a mechanical load 
was applied of 5 N/cm². The furnace was heated with a rate of 2 °C/min to 850 °C. At this 
temperature, the samples were exposed for about 10 h, after which the operating 
temperature was decreased to 800 °C. This procedure simulates the heating and 
conditioning procedure of SOFC stacks tested at Jülich. Before the current load was applied, 
current – voltage measurements were performed up to 0.75 A/cm². The constant current load 
was set at 0.6 A/cm². After regular intervals current – voltage plots were obtained. After 
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500 h of exposure, the final current – voltage plot was taken followed by cooling the furnace 
to room temperature. 
 
Figure 1: Left: one sample with two Pt-sheets coated with LSM (1) layer on the bottom sheet. 
Right: three samples “stacked” in series before testing. 
3 Results and Discussion 
Current collector layer: The area-specific resistances (ASRs) of three samples with Pt as 
the metallic sheet and an interlayer of LSM (1) being considered as the cathode current 
collector layer are shown in Figure 2. From this figure it can be concluded that relatively high 
scatter occurred between the measured ASR of the individual samples with that of sample 2 
the highest and of sample 1 the lowest ASR values. Initially the ASR obviously decreased 
with the average value starting from about 7.7 ± 2.9 to 5.1 ± 2.6 mΩ.cm² after 500 testing 
hours. 
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Figure 2: Area-specific resistances (ASRs) of three samples with Pt as the metallic sheets 
and LSM (1) as the intermediate layer being tested in air at 800 °C for 500 h. 
Mechanical load was set at 5 N/cm² and the applied current load at 0.6 A/cm². 
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The ASR values obtained after regular intervals and calculated from the current – voltage 
measurements are given in table 2. These values correspond well with those from Fig. 2. As 
such, it can be concluded that the ohmic resistance of the LSM (1) cathode current collector 
layer decreased with longer exposure times. 
Table 2: ASR values after regular intervals of three samples with Pt as the metallic sheets 
and LSM (1) as the intermediate layer being tested in air at 800 °C for 500 h. 
Mechanical load was set at 5 N/cm² and the applied current load at 0.6 A/cm². 
Specimen: ASR (mΩ.cm²) 
 t = 0 t = 72 t = 167 t = 267 t = 339 t = 413 t = 504 
1 4.38 2.86 2.68 2.54 2.47 2.41 2.33 
2 9.62 8.05 7.78 7.62 7.62 7.55 7.46 
3 9.04 6.54 6.21 5.96 5.96 5.71 5.59 
Av.value: 7.7 ± 2.9  5.8 ± 2.7 5.6 ± 2.6 5.4 ± 2.6 5.4 ± 2.6 5.2 ± 2.6 5.1 ± 2.6 
 
Contact layers: In the case of the contact layer type LCC10 with a thickness of about 
140 µm, the ASR values showed an increase as a function of time, started at 
36 ± 12 mΩ.cm² and ended, after 500 h of exposure at 48 ± 17 mΩ.cm². The ASR as a 
function of time is depicted in Fig. 3. A second type of contact layer is based on LSM (2). 
This layer showed similar features as those with the current collector layer LSM (1), as 
described before. In this case the average value of the ASR was about 4.6 ± 2.2 mΩ.cm² at 
the beginning and 3.3 ± 1.6 mΩ.cm² after about 500 h of testing. 
Based on only the ohmic resistance, it would be recommended to use this type of contact 
layer. However, nothing can be concluded about the effectiveness of such a layer, in 
particular about mitigating or preventing chromium evaporation from the interlaying 
interconnect and thus avoiding chromium poisoning of the cathode. 
Protective layer: The tickness of the protective Mn3O4 layer applied by wet powder spraying 
was only 10 µm. The measured ASR was initially about 24 ± 6 mΩ.cm² and decreased to 
about 17 ± 5 mΩ.cm², this as a result of densification and improved contacting between the 
individual grains during sintering at 800 °C. 
An overview of the ASR values for the current collector, the contact and the protective layers 
are given in table 3. All values are average values of three samples measured 
simultaneously. 
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Figure 3: Area-specific resistances of samples with (left) current collector layer LSM(1); 
contact layers LSM(2) and LCC10; or protective layer Mn3O4 as the intermediate 
layer, (right) combinations of layers tested in air at 800 °C for 500 h. Mechanical 
load was set at 5 N/cm² and the applied current load at 0.6 A/cm². All curves are 
average values of three samples measured simultaneously. 
Table 3: ASR values (mΩ.cm²) of various layers with Pt as the metallic sheets being tested 
in air at 800 °C for 500 h. Mechanical load was set at 5 N/cm² and the applied 
current load at 0.6 A/cm². 
 Current collector Contact Protective 
 LSM(1) LCC10 LSM(2) Mn3O4 
t = 0 h 7.7 ± 2.9 36 ± 12 4.6 ± 2.2 24 ± 6 
t = 500 h 5.1 ± 2.6 48 ± 17 3.3 ± 1.6 17 ± 5 
 
Combination of layers: Experiments were also performed with a combination of protective 
and contact layer LCC10-Mn3O4, which is used in the Jülich-type SOFC stacks [4]. Results 
from the endurance tests are shown in Fig. 3 (right) depicting the ASR as a function of the 
testing period. The calculated ASR values from the current – voltage measurements at t = 0 
and t = end are given in table 4. Based on these results, it can be concluded that the ASR 
slightly increased  from 33 ± 10 to 37 ± 13 mΩ.cm² during exposure in air at 800 °C. The total 
of the individual ASR values for both layers is at t = 0 about 60 and increased slightly up to 
about 65 mΩ.cm², thus somewhat higher than that of those values obtained with the double 
layer LCC10-Mn3O4.  
The increase of the ASR over the total exposure time was for both similar, but the absolute 
differences in the ASR values can be explained by differences in contacting area between 
the separated layers, small differences in thickness of the individual layers, or the formation 
of a high conductive interlayer between both layers, improving the overall conductivity of the 
samples. 
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Another combined testing was that with applying on one sheet LCC10-Mn3O4 and on the 
other LSM (1) contact current collector layer. The area-specific resistance was during the 
whole exposing time around 43 ± 7 mΩ.cm². The recorded ASR values for the three samples 
are shown in Fig. 3(right). Sum of the ASR values for the individual tested layers, measured 
separately, was at the beginning about 39 ± 7 mΩ.cm² and after 500 h of exposure slightly 
increased to values around 42 ± 8 mΩ.cm², thus with good comparison. 
A combined experiment was also performed with the contact LSM (2) layer and the current 
collector LSM (1) layer. The ASR values as a function of the exposure time are shown in 
Fig. 3(right). At t = 0, the ASR value was 14.3 ± 1.2 mΩ.cm² and after about 500 h 
11.7 ± 2.0 mΩ.cm². The total ASR of the individual layers, determined separately, was at the 
beginning 12.4 ± 2.5 and after 500h testing 8.4 ± 2.1 mΩ.cm². This means that the decrease 
and the sum of the ASR values of the individual tested layers are comparable with those 
obtained with the testing of the double layer. 
Next to the contribution of the individual layers, i.e. LCC10, Mn3O4 and LSM (1) cathode 
current collector layer, the total ohmic resistance of an SOFC stack and the influence of the 
interconnect alloy Crofer22APU on the ohmic resistance has to be evaluated, as well. 
The underlying experiment is based on the use of Crofer22APU as the metallic sheet with on 
one side the LSM (2) contact layer. The opposite sheet is uncoated Pt. Results from the test 
are summarized in Fig. 3(right). The ASR value slightly increased from 22.4 ± 6.9 to 
22.9 ± 5.5 Ωm.cm² after 500 h of exposure. 
Table 4: ASR values (mΩ.cm²) of various layers with Pt or Crofer22APU as the metallic 
sheets being tested in air at 800 °C for 500 h. Mechanical load was set at 5 N/cm² 
and the applied current load at 0.6 A/cm². 
 Combination of layers 
 Pt – LCC10-
Mn3O4 / Pt 
Pt – LCC10-
Mn3O4 / 
LSM(1) - Pt 
Pt – LSM(2) / 
LSM(1) - Pt 
Crofer22APU – 
LSM(2) / Pt 
t = 0 h 7.7 ± 2.9 36 ± 12 4.6 ± 2.2 22.4 ± 6.9 
t = 500 h 5.1 ± 2.6 48 ± 17 3.3 ± 1.6 22.9 ± 5.5 
 
In comparison with data obtained from tests with two Pt sheets and an LSM (2) contact layer, 
it is clear that the calculated ASR with Crofer22APU as the metallic sheet is obviously higher, 
i.e. 22.9 ± 5.5 mΩ.cm². In the case of the former, the ASR decreased from 4.6 ± 2.2 to 
3.3 ± 1.6 mΩ.cm². The higher ASR can be explained by the use of Crofer22APU forming a 
small interfacial oxide layer with relatively low conductivity. Earlier measurements 
revealed [5] that the ASR of Crofer22APU oxidized for 300 h at 800 °C was between 10 and 
30 mΩ.cm², which corresponds well with the measurements presented here. The oxide 
scale, formed during the exposure period consists of an inner chromia and an outer 
manganese-chromium spinel layer and is thus responsible for the higher measured 
resistance. Taken into consideration also the ASR values measured during single cell testing 
with anode-supported SOFCs with LSM- or LSCF cathode, some conclusions can be drawn 
concerning the contribution of the various applied layers including interconnect material to 
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the overall ASR as determined from stack measurements. Table 5 shows the ASR values for 
both types of single cells, tested at Jülich [6]. 
Table 5: Area-specific resistances of anode-supported SOFCs with LSM or LSCF cathode as 
function of the operating temperature [6]. 
Temperature (°C) SOFC with LSM Cathode SOFC with LSCF cathode 
 ASR (mΩ.cm²) ASR (mΩ.cm²) 
800 190 ± 6 120 ± 6 
750 260 ± 11 140 ± 6 
700 430 ± 10 170 ± 4 
 
From this table it can be concluded that the ASRs of both types of SOFCs increased with 
lowering the operating temperature. In the case of SOFCs with LSM cathode, the calculated 
ASR (800 °C; 700 mV) from current – voltage measurements under standard conditions is 
about 190 mΩ.cm². As an example, these data can be compared with that of an SOFC stack 
including SOFCs with LSM cathode [4]. Such a stack is constructed of Crofer22APU (cell 
frames and interconnect). 
Contacting the cathode with the adjacent interconnect was achieved by Mn3O4 LCC10 layers 
applied by wet powder spraying. Based on the ASR data, the following conclusion can be 
drawn. A rough estimation of the total ideal ASR in first approach is assumed to be the sum 
of the ASRSOFC-LSM, the ASRLCC10-Mn3O4, and the ASRCrofer22APU: 190 + 40 + 20 = 250 mΩ.cm² 
(more tests are planned to verify the results in more detail). Contacting resistance on the 
anode side (Ni-Ni) was here neglected. In the case of an SOFC stack the ASR on average is 
260 mΩ.cm² [4], which corresponds well with the sum of the individual tested layers, 
presented in this contribution. 
Based on the geometrical factor because of the limited contact area in an SOFC stack, a 
larger difference was however expected. The underlying measurements showed that this 
additional loss was negligible or at least relatively small indicating that this contribution plays 
only a minor role of importance. The contribution of the formed oxide scale between the 
metallic interconnect and the applied protective layer is in this case more obvious. 
4 Conclusions 
With a simple test method the area-specific resistance of various layers was evaluated 
individually. Contact layers are being used in SOFC stacks aiming improved contacting 
between the cathode of solid oxide fuel cells and the metallic interconnect. Three specimens 
with various types of layers could be uniformly loaded by a constant current load. 
Resistance measurements have shown that in the case of simulating SOFC stack conditions, 
the lowest ASR was measured for the LSM (2) contact layer. In the case of the F-design 
JÜLICH stack, the total ASR was calculated by the sum of that of the contact and protective 
layer LCC10-Mn3O4 and the formed oxide scale. The difference between this calculated ASR 
and that obtained from current – voltage measurements with a real SOFC stack was almost 
negligible. As a consequence, the limited contact area between the interconnect and the 
cathode plays only a minor role of importance. 
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Abstract 
We present learning curves for solid oxide fuel cells (SOFCs) and combined heat and power 
(CHP) SOFC systems with an electric capacity between 1 and 250 kW. On the basis of the 
cost breakdown of production cost data from fuel cell manufacturers, we developed a 
bottom-up model that allows for determining overall manufacturing costs from their 
respective cost components, among which material, energy, labor, and capital charges. The 
results obtained from our model prove to deviate by at most 13% from total cost figures 
quoted in the literature. For the early pilot stage of development, we find for SOFC 
manufacturing a learning rate between 14% and 17%, and for total SOFC system fabrication 
between 16% and 19%. We argue that the corresponding cost reductions result largely from 
learning-by-searching effects (R&D) rather than learning-by-doing. When considering a 
longer time frame that includes the early commercial production stage, we find learning rates 
between 14% and 39%, which represent a mix of phenomena such as learning-by-doing, 
learning-by-searching, economies-of-scale and automation. 
Keywords: SOFC, learning-by-doing, economies-of-scale, automation 
1 Introduction 
Interest in power generation with solid oxide fuel cells (SOFCs), as well as R&D dedicated to 
this type of technology, has considerably increased over the past few years. Among the 
reasons are their high efficiency relative to conventional gas and coal based power units: 
even in comparison to for instance an integrated gasification combined cycle (IGCC) plant 
their electric efficiency is typically more than 10% higher [1]. Another explanation for the 
increased attention for SOFCs is the possibility of effectively recovering their exhaust heat, 
given the high temperatures under which they operate. As with other fuel cell systems, a 
combined heat and power (CHP) SOFC system consists of a stack of SOFCs and a balance-
of-plant (BoP). The electrochemical reaction between oxygen and the fuel – such as 
hydrogen, methane or (a mix of) other hydrocarbon gases – takes place in the stack of fuel 
cells. The BoP supports the stack, drives the fuel through the fuel cells and can recover 
energy from the high-temperature exhaust gas. 
In spite of their high electric efficiency and ensuing economic benefits, the fabrication costs 
of SOFC systems, and hence their purchase prices, are still significantly higher than 
strategically adopted target values. As a result, the cost of electricity generation with SOFCs 
are today well above those of most conventional alternatives. The development of SOFCs, 
however, is only in the pilot stage and has not yet reached full commercial production. 
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Hence, progressively significant cost reductions are expected for the future when the 
technology transits through the various stages of maturation. 
The learning curve methodology allows for estimating the cost prospects of innovative 
technology and allows for determining the competitive breakeven point with respect to 
existing technology. The developed learning curves may apply to a large range of different 
types of technologies and serve company strategic purposes and as a tool for public policy 
making. For the latter, we found information notably of energy-related technologies [2-5]. The 
rapidity of learning is usually expressed by the learning rate, a measure for the relative cost 
reduction of a good with every doubling of produced or installed capacity. A learning curve 
expresses graphically the cost decrease of a technology and is usually represented by a 
power law (see equation 1). When cost and cumulative capacity data are plotted on a 
double-logarithmic scale, the power law of a learning curve becomes a downward sloping 
straight line. The slope of this line is called the learning index (α) [6-7], which can be 
reformulated as the learning rate (lr) (see equation 2). 
α−
⎟⎟⎠
⎞
⎜⎜⎝
⎛
=
0
0 P
Pcc tt  (1) 
α−
−= 21lr  (2) 
Schoots et al. [8] present an extensive analysis of learning phenomena for fuel cells and the 
present work aims to complement this recent fuel cell learning curve study, since so far no 
learning rates have been reported – or have been determined – for SOFCs. In our fuel cells 
case, the variables in equation 1 are the costs of SOFCs at time t (ct), the costs of SOFCs in 
the first batch of production (the time of which is referred to as t = 0) (c0), the cumulated 
production of SOFCs at time t (Pt), and the number of SOFCs in the first fabrication batch 
(hence at t = 0) (P0). We express values of P either in number of SOFCs (typically for fuel 
cells) or in terms of their capacity (hence in kW, for example when referring to SOFC 
systems). 
2 Cost Requirements for SOFCs 
In the current pre-commercial production phase, planar and tubular geometries of SOFCs 
dominate triangular and other shapes. For all these geometries, individual fuel cells are 
assembled in stacks that are subsequently integrated with the BoP. An individual fuel cell 
consists of a multilayer device including the anode, electrolyte, cathode, and interconnects. 
For today’s SOFC manufacture, the first three components are made of state-of-the-art 
ceramics, such as respectively Nickel Oxide - Yttria Stabilized Zirconia (NiO-YSZ), YSZ and 
Lanthanum Strontium Manganite (LSM). Interconnects are fabricated usually of high 
performance stainless steel alloys [9-12]. Below we will mostly investigate planar SOFCs, 
because data for this type are more abundant than for tubular SOFCs. An analysis of the 
manufacturing sequence and cost components of SOFC production, as described in the 
following sections, serves to estimate total fuel cell and system fabrication costs. The latter 
constitute the basis for our attempt to determine a learning curve for SOFCs. 
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Total costs 
The planar SOFC are produced according to a specific sequence of steps and techniques 
that depend on (and determine) the manufacturing material, processing speed, production 
yield, and fuel cell width [13-15]. For our study we assess the most commonly used method 
for multilayer ceramics manufacturing, which is the tape-casting of anode and screen-printing 
of electrolyte and cathode. After the cutting process elementary fuel cells are formed by 
adding shaped interconnects to the multilayered ceramic units. A series of individual fuel 
cells are piled together to become an SOFC stack. 
Most intricacies of SOFC manufacturing techniques and materials are well documented in 
the literature. However, while cost components related to the use of materials and energy are 
usually fairly well known, little information is often available on contributions from notably 
labor and capital charges. This implies that total manufacturing cost values quoted in public 
sources possess a high degree of heterogeneity. This complicates attempts to observe 
learning phenomena, and renders difficult efforts to calculate accurately learning rates. In 
order to determine the presence (or absence) of learning-by-doing, and develop learning 
curves, we have greatly endeavored to subtract heterogeneity from our data set as much as 
possible. For this purpose, we developed a detailed bottom-up model in which we distinguish 
between the four main cost components that contribute to the overall SOFC production 
process: 
 Material costs. Total annual material costs are estimated accounting volume and 
price of materials purchased per year by a manufacturing facility. 
 Energy costs. We assume that annual energy expenses results from the total fuel cell 
capacity produced by a facility per year, the energy requirements per unit of capacity 
[15] and the energy costs. 
 Labor costs (Clab). Collected data show that, when no process automation techniques 
are implemented, the work directly related to manufacturing and stack assembling is 
performed by typically five individuals full-time employed when an annual volume of 
25000 fuel cells is produced [16-17]. We assume that Clab is proportional to the gross 
Average Employment Income (AEI) in the country of SOFC manufacturing under 
consideration [18] and that, with no automation, the number of individuals employed 
in the plant increases linearly, β=1.0, with the fuel cell production scale, and when 
process becomes automated 0.2 ≤ β < 1.0: 
β
⎟⎠
⎞⎜⎝
⎛
=
25000
5
fclab NAEIC  
 Capital charges. Two main types of capital charges can be distinguished as 
investment requirements for the construction of a fuel cell production facility: 
equipment costs (Ceq) and terrain- and building costs (Ctr). Both represent figures for 
total capital costs per annum (Ccap) as they are transformed from total investment 
values into annual capital costs through the annuities relationship for capital 
refunding: ( ) ( ) ⎥⎦
⎤⎢⎣
⎡
−+
+⎥⎦
⎤⎢⎣
⎡
−+
=
−− 11
)(
11
)( TtrTeqcap r
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rCC  
in which r is the interest rate (which we suppose to be 8%) and T the period of loan 
amortization (for which we assume a time frame of 10 years). 
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From a survey of the literature, we assume in our model that the total level of equipment 
costs varies linearly with the expenses related to the acquisition of furnaces, for which we 
suppose a dominating constant average contribution of 50% [16-17]. Aware of the latter, the 
model allows for estimating fuel cell manufacturing cost values under several assumptions of 
economies-of-scale on furnace prices. 
3 Learning Curves for SOFCs 
We present in this section the learning curve study for production cost of SOFCs. Available 
yield and cost data derives from R&D, pilot and early commercial stages for the major fuel 
cell manufacturers. With exemption of CFCL, because of its business plan statements, this 
study deals with learning phenomena for both at each stage and total lifetime of HC Starck, 
Versa and Topsoe facilities. As means of a tool, our cost model enables to separately study 
cost reductions driven by non-learning phenomena, as well as rendering cost data 
homogeneous, and estimating additional cost values. 
3.1 Improving production yield 
An important facet of the produced capacity figure is the production yield of fuel cells, that is, 
what is the number of SOFCs successfully manufactured per production bulk. Failure on fuel 
cell production takes place mainly during the sintering step, followed by the multilayer 
production and handling steps [13]. Our analysis show that effort on R&D and experience 
acquired results on 11% decrease on failure rate every doubling on cumulative capacity of 
fuel cells. Once early commercial production of SOFCs starts, a minimal yield rate of 80% is 
observed frequently. 
 
 
Figure 1: Learning curve for the failure rate of fuel cell production processes. Data from 
VERSA, Topsoe, HC Starck. [19-22]. 
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3.2 Reducing manufacturing costs 
Commencing this section with the major European manufacturer (HC Starck), we gather 
production cost values from R&D, pilot and early commercial production stages in the same 
plot (see figure 2). We include cost data and modeled cost values. Cost reduction obtained 
through automation and economies-of-scale are not studied in this step of the analysis. 
 
 
Figure 2: Learning curves for SOFC manufacturing. Data from HC Starck [16] and our model. 
We estimate the learning rate value for R&D stage at 16% and for which material and labor 
costs remain high and are not affected for the volume of fuel cells produced. During the pilot 
stage, we observe that the learning rate every doubling of cumulative capacity is up to 42%. 
However, we estimated fuel cell production costs with our model subtracting the influence of 
economies-of-scale from material costs. Whether the purchase volume of powders, we 
assumed constant values for material costs. Learning rate results on a value of 27% and we 
suppose represents mainly pure learning-by-doing. Early commercial stage faces constrains 
against labor and capital costs, rather than material costs. The learning rate value is 
estimated at 5% and we suppose that learning-by-doing phenomena are mainly represented. 
Accounting the relevant impact of labor and capital costs since the early commercial 
production stage is reached we studied further potential cost reductions driven by 
automation. Economies-of-scale related to material purchase volume and equipment 
investments are simultaneously considered. The learning rate reaches values from 35% to 
39% for slightly to highly automation respectively. 
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 Figure 3: Modeled cost values for SOFC production under assumptions for automation and 
economies-of-scale effects. Data from our model and from HC Starck [16]. 
As our model is based on production capacity data, instead of current production capacity, 
and accounting that HC Starck has the highest capacity among the major fuel cell producers, 
we performed the sensitivity study of the impact of pilot and early commercial production 
capacity on cost estimations. Cost data available and estimated, only for the R&D stage, 
were straightly retained as they correspond to accurate values of produced fuel cells. For 
further production stages, we supposed a 50% load factor of the HC Starck facility. The lr 
results on 30% for medium automated facility (β=0.7) instead of 35% estimated with 100% 
load factor. This enables to estimate a maximal impact on lr values of 5% derived from 
uncertainties in manufacturers load factor. 
Accounting facility capacity important differences, cost data from VERSA and Topsoe 
facilities are studied separately. Both facilities present a capacity equivalent to a R&D – semi 
pilot stage. Estimated fuel cell production costs deviate at most 13% of literature data. 
Learning rate values are found between 14% and 17%. Learning rate values from HC Starck, 
Versa, and Topsoe confirm that mainly learning-by-searching phenomena enable to reduce 
production costs by around 15%. Based on the fact that a confirmed value for learning 
curves is found at R&D and pilot production capacities, we will retain the costs and capacity 
data in order to go further with our learning curve analysis for SOFC systems. 
4 Learning Curves for SOFC Systems 
4.1 BoP costs 
Material, energy, labor, and capital costs are included in the modeling of BoP manufacturing 
cost under similar assumptions than fuel cell production. The latter assumes that material 
and energy cost values derive from the required elements and their needed quantities to 
build up the BoP. As information related to labor costs (individuals needed) to produce and 
assemble the BoP is highly scarce and heterogeneous, the number of individuals is assumed 
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to be equal to the one for SOFCs manufacture. The total SOFC system labor cost would then 
become twice the value of fuel cell labor cost. For capital costs, we assume that they can be 
neglected. Indeed, the means required for these cost components are relatively small in 
comparison to the other contributions to overall costs. 
4.2 System learning 
Estimated cost values for 5 kW SOFC systems show that BoP contribution to total system 
manufacturing cost represents 64%. The latter fits with data provided by the consulting firm 
Arthur D. Little Inc. [23]. For different SOFC system capacities, the number of fuel cells 
contained in the stacks varies linearly with the requested power output. However, BoP would 
present a non-linear variation resulting on variable cost contribution, such as presented by 
Schoots et al. for PEMFC systems [8]. As the value of 64% is the only data point available for 
BoP contribution to SOFC system cost, we assumed that it would become the reference 
point for scaling contribution values for different SOFC systems presenting various power 
output values. The former is modeled under assumptions for an analogical behavior between 
PEMFC and SOFC BoP contribution to the system cost. The plot of modeled system costs 
based on R&D and pilot production capacities and data available derive on learning rate 
values for 1 to 250 kW SOFC systems between 17% and 19% (figure 4). The refunding of 
capital charges for both fuel cell and BoP side are not included in the costs plotted, but they 
would importantly increase the system cost depending on economic parameters used to 
discount investments. 
 
 
Figure 4: Learning curve for planar SOFC systems for 1 and 250 kW (electric power output). 
Modeled data and obtained from [23]. 
5 Conclusion 
The learning curves for SOFCs and their systems presented in this paper are derived from 
modeled manufacturing costs as well as manufacturer data from the open literature. For the 
R&D and pilot stage of planar SOFCs, we obtained learning rates ranging from 14% to 17%. 
For the stages beyond, i.e. the early commercial phase, we modeled manufacturing cost 
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data and applied corrections in order to eliminate effects from economies-of-scale and 
automation. These data in combination with production capacity figures from HC Starck 
formed the basis of our learning-by-doing analysis. We found a learning curve characterized 
by a learning rate of 27 ± 15%. If phenomena of automation and economies-of-scale, as 
additional major drivers of cost reductions, had been taken into account, we would have 
obtained a learning rate of 39%. We point out that such a high rate is unsustainable. At any 
rate, in this and other papers, we demonstrate that the phenomenon of learning tends to 
decay, and gradually phase out towards zero. Based on real and modeled cost data from 
facilities run by VERSA and Topsoe, we find learning rates between 17% and 19% for SOFC 
systems with an electric output between 1 kW and 250 kW. These values correspond well 
with observed learning rates determined for a wide range of other energy technologies. Like 
with planar SOFCs, we developed a cost model for tubular SOFC systems. A lack of cost 
and installed capacity data, however, did not enable us to derive an accurate learning rate for 
such designs. 
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Abstract 
Electro-catalysts based on Fe–Ni alloys were prepared using physical mixture and modified 
Pechini methods; they were supported on a composite of Yttria Stabilized Zirconia (YSZ) and 
Gadolinia Doped Ceria (GDC). The composites had compositions of 35% metal load and 
65% support (70% wt. YSZ and 30% wt. GDC mixture) (cermets). The samples were 
characterized by Temperature-Programmed Reduction (TPR) and X-Ray Diffraction (XRD) 
and evaluated in ethanol steam reforming at 650 °C for six hours and in the temperature 
range 300 – 900 °C. The XRD results showed that the bimetallic sample calcined at 800 °C 
formed a mixed oxide (NiFe2O4) in spinel structure; after reducing the sample in hydrogen, 
Ni-Fe alloys were formed. The presence of Ni decreased the final reduction temperature of 
the NiFe2O4 species. The addition of Fe to Ni anchored to YSZ-GDC increased the hydrogen 
production and inhibits the carbon deposition. The bimetallic 30Fe5Ni samples reached an 
ethanol conversion of about 95%, and a hydrogen yield up to 48% at 750 °C. In general, the 
ethanol conversion and hydrogen production were independent of the metal content in the 
electro-catalyst. However, the substitution of Ni for Fe significantly reduced the carbon 
deposition on the electro-catalyst: 74, 31, and 9 wt. % in the 35Ni, 20Fe15Ni, and 30Fe5Ni 
samples, respectively. 
Keywords 
Anode; Carbon deposition; Ethanol; Solid oxide fuel cell (SOFC); Fe–Ni catalyst; Ethanol 
Reforming; X-ray diffraction 
1 Introduction 
Solid oxide fuel cells (SOFC) are devices that convert the chemical energy of gaseous fuels, 
such as hydrogen, natural gas, and ethanol, to electricity through electrochemical processes. 
Due to their high efficiency, design modularity, and environmentally friendly nature, SOFCs 
are considered one of the most promising energy converters. In addition, the SOFC 
compared to other fuel cell systems offers the possibility of internal reforming of ethanol or 
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hydrocarbon fuels, which may occur directly on the anode; this provides SOFC with great 
flexibility in terms of fuel choice, one of its main advantages [1-5]. 
One of the challenges of using fuel cells as a commercial alternative for electricity generation 
is the fact that they usually require hydrogen as fuel. Hydrogen is predominantly produced by 
steam reforming reaction of natural gas or higher hydrocarbons, with carbon monoxide 
contents of around 100 ppm. Therefore, hydrogen production and distribution add additional 
levels of complexity to the overall system. However, oxidation of ethanol and hydrocarbons 
directly on SOFC anodes has been experimentally demonstrated by a number of authors 
[6-10]. It is well known that Ni–YSZ cermet anodes of SOFC have excellent catalytic 
properties and stability for H2 oxidation in SOFC operation conditions [11, 12]. However, as 
Ni is also a good catalyst for hydrocarbon cracking reaction, the use of ethanol or 
hydrocarbon fuels in a SOFC with a Ni-based anode results in very fast carbon deposition, 
with irreversible cell degradation [13-16]. Therefore, the development of an anode material 
for SOFCs that operates on ethanol or hydrocarbons at lower carbon to water ratios is widely 
recognized to be an important technical objective [3, 7, 8, 17, 18]. 
2 Experimental 
2.1 Sample preparation 
Ni-Fe/YSZ-GDC cermets, with 35 wt. % of metal supported on YSZ-GDC (70 wt. % of YSZ), 
were prepared using two different methods. YSZ [(Y2O3)0.08(ZrO2)0.92], surface area 6 - 9 m2/g 
and particle size 0.5 - 0.7 µm, and GDC (Ce0.9Gd0.1O2), surface area 5 - 8 m2/g and particle 
size 0.3 - 0.5 µm powders, were obtained from Fuel Cell Material®. 
Modified Pechini method for sample preparation started with an aqueous solution of Ni and 
Fe nitrate to which was added a solution of citric acid (CA). The resulting solution was stirred 
and heated to 60 °C when the support (YSZ-GDC) was added. Ethylene glycol (EG) was 
added to the solution in a molar ratio of CA/EG = 1/4, with a molar ratio of CA/metallic ion = 
6/1, followed by stirring at 60 °C for one hour; the temperature was raised to 90 °C and kept 
at this temperature until the final volume was reduced to half its initial value. The polymeric 
gel formed was calcined at 350 °C, at a heating rate of 1 °C/min. Afterwards, the obtained 
brown solid was ground in a ball mill for 24 hours and calcined at 900 °C for three hours, with 
a heating rate of 5 °C/min. 
Physical method for sample preparation used YSZ-GDC mixed with NiO in the presence of a 
small amount of ethanol; the mixture was stirred for 24 hours in a ball mill. The powder 
formed was calcined at 900 °C for 3 hours, with a heating rate of 5 °C/min. 
2.2 Sample characterization 
Sample crystallographic characterization was performed by XRD in a Shimadzu XRD 6000 
equipped with Cu-Ka radiation (40 kV and 40 mA) between 10 and 80° at a rate of 
0.25 °C/min1. 
TPR analysis was performed on a system consisting of a quartz reactor in a "U" shape, an 
oven with temperature control and a gas analysis system with thermal conductivity detector 
(TCD). The sample was placed in the quartz reactor, and heated from ambient temperature 
to about 1000 °C at a heating rate of 10 °C/min under a flow of 1.5% H2/argon at a rate of 
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30 ml/min. The spectra were treated with deconvolution techniques to determine the different 
species present in the solids. 
The measurements of specific surface area were performed in a Micromeritics ASAP 2020, 
using samples preheated to 300 °C for one hour under nitrogen flow. 
2.3 Catalytic tests 
The samples were evaluated in ethanol steam reforming in function of time on stream at 
650 °C for six hours in a quartz micro-reactor. Initially the catalyst was reduced in situ with H2 
(10 mol%) diluted in N2, between 30 and 800 °C with a heating rate of 10 °C/min and 
maintained at this temperature for 30 minutes. N2 at a flow of 60 mL/min was the carrier gas. 
An ethanol aqueous solution, with a 3:1 molar ratio of water to ethanol, was injected into the 
reaction system through a syringe-type pump; the ethanol injection rate was 
1.78 x 10-2 mol/hour. The gaseous products were analyzed by gas chromatography 
(SHIMADZU GC-17A), with an automatic sample injection. 
3 Results and Discussion 
 
Figure 1: XRD patterns of Ni/YSZ-GDC, prepared by the physical mixture and Pechini 
methods and YSZ-GDC after calcination. 
Figure 1 shows the XRD spectra of 35Ni, 35NiC and YSZ-GDC support. In both samples, 
NiO in the cubic form (JCPDS 78-0643) was formed following the calcination step; YSZ 
(JCPDS 82-1246) and GDC (JCPDS 75-0161) were both in the cubic form. Figure 2 shows 
the XRD patterns for the samples containing Fe. Only hematite in the rhombohedral structure 
(JCPDS 87-1166) was present in 35Fe sample. The XRD patterns of bimetallic samples 
indicated the coexistence of hematite and a mixed oxide of Ni and Fe (NiFe2O4), with a 
spinel-type cubic structure (JCPDS 74-2081). Figure 3 shows the XRD patterns of the 
samples after reduction in presence of H2 at 800 °C. Ni in 35Ni sample was crystallized with 
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FCC structure (JCPDS 87-0712); Fe in 35Fe sample was crystallized with BCC structure 
(JCPDS 87-0722). 
 
 
Figure 2: XRD patterns of Fe/YSZ-GDC prepared by Pechini method after calcination. 
 
 
Figure 3: XRD patterns of electro-catalysts after reduction [24]. 
The XRD diffractogram for 20Fe15Ni (Figure 3) presented three new peaks at 2θ = 43.60, 
50.84 and 74.69º, suggesting the formation of a Ni-Fe alloy (CAPES 26009) [24]; this alloy 
exhibited an FCC crystal structure. Similarly for 30Fe5Ni, peaks in the same positions were 
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observed, indicating the formation of a Ni-Fe alloy with FCC structure and suggesting that Fe 
replaced Ni in the unit cell. Additionally, the peaks remained in 2θ = 44.72 and 65.13º, 
characteristic of BCC Fe, might imply that there was phase segregation for the metallic 
phase of 30Fe5Ni: Ni-Fe alloy and pure Fe. 
Figure 4 shows the TPR profiles for the studied materials. As the TPR curve for the support 
(YSZ-GDC) showed no event associated with reduction, the peaks that appeared in the 
sample TPR curve were attributed to the reduction of Ni and Fe species present in the 
composite materials. The different preparation methods for the monometallic Ni-based 
cermets led to solids with different resistances to reduction in hydrogen presence, observed 
by the differences in the areas delimited by the TPR peaks for the different materials. In 
these samples, the monometallic species that reduced in the temperature range of 410 -
420 °C presented weaker interactions with the support; the converse relation might also be 
inferred. 
 
Figure 4: TPR profiles of the studied materials: (—) experimental profile; (—) Gaussian 
deconvolution of the TPR profiles. 
Table 1 presents the quantitative data obtained from the sample TPR analyses. For the 
monometallic Ni samples, the stoichiometric ratio of 1:1 between H2 and Ni was considered. 
For the monometallic Fe sample (35Fe), the stoichiometric relationship between molecular 
hydrogen and Fe was 3:2. Finally, for the bimetallic samples, the TPR hydrogen consumption 
was calculated as the sum of the individual consumptions for Ni and Fe species, each 
proportional to their concentration in the sample. The data indicate that the samples 
prepared using Pechini method achieved complete reduction of the metal oxides in the 
presence of hydrogen. In contrast, the 35NiC sample, prepared using the physical mixture 
method showed a low yield in the reduction of NiO with hydrogen, reducing only 14% of the 
oxide initially present in the sample. 
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Table 1: Hydrogen mol consumption obtained from the TPR analyses, the nominal molar 
load of sample, and the extension of metal reduction. 
 
Figure 5 shows the ethanol conversion for the steam reforming reaction at 650 °C for a six 
hour period of reaction. The results shown indicated that the electro-catalyst remained stable 
during the six hour period, with average ethanol conversion exceeding 80% for the samples 
containing Ni and prepared using Pechini method; in contrast, the average ethanol 
conversions for the 35NiC and 35Fe samples were respectively 43.5% and 54.8%; the 
average conversions presented standard deviations of less than 5%. 
 
Figure 5: Ethanol conversion versus time on stream for samples prepared. 
Figure 6 presents data for carbon deposition during the six hours on stream of the various 
electro-catalysts studied. The data are presented as carbon mass percentage by the catalyst 
mass after reduction. The data in Figure 6 strongly suggested that the presence of Fe in the 
samples significantly decreased the mass of carbon deposited on the electro-catalysts. This 
might be associated with the lower activity of Fe, compared to Ni, for secondary reactions 
that led to carbon formation, as observed by Huang et al. [3]. Studying a composite of Ni and 
Fe supported on ScSZ exposed to ethanol vapor for 24 hours, these authors found that 
carbon deposits increased as the Ni loading increased. 
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Figure 6: Carbon deposited on the electro-catalyst for ethanol steam reforming for six hours 
on stream, at 650 °C. Deposited carbon as percentage of electro-catalyst mass. The 
straight line correlates carbon formation with Ni contents. 
The preparation method of the electro-catalyst also influenced its activity to catalyze 
reactions that led to carbon formation. The 35NiC sample prepared by physical mixture 
formed 17% more carbon than 35Ni sample, prepared using Pechini method. As a final 
important point, the samples containing Ni and prepared using the Pechini method exhibit a 
surprisingly linear correlation between the mass of deposited carbon and Ni content in the 
sample. 
4 Conclusion 
The Pechini method studied here for the synthesis of Ni-Fe/YSZ-GDC composites was very 
successfully used to produce powders with crystallographic and morphological 
characteristics suitable for use in SOFC anodes, whereas materials prepared using the 
physical method displayed limitations in particle size, reducibility, and hydrogen production. 
Ni-Fe/YSZ-GDC composites are highly promising cermets for application as SOFC anode: 
they have a very high hydrogen yield in ethanol steam reforming reaction with a very low 
carbon formation. This final remark observation is especially applicable for the composites 
with low nickel content. 
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Abstract 
Nickel and cobalt catalysts, supported on YSZ, were prepared by wet impregnation, with and 
without citric acid; the metal load was 10 and 35% by weight. The catalyst composition was 
studied by XRF, XPS, and SEM-EDS. At low metal concentration, the results of these 
techniques presented comparables figures; at high concentration, SEM-EDS suggested a 
non-uniform distribution. The analysis showed that the solids were mixed oxides and formed 
an alloy after reduction. The surface passivation was possible under controlled conditions. 
The catalytic test with the steam reforming of ethanol indicated that the metal load had 
almost no effect on the catalytic activity, but decreased its selectivity. Afterwards, a unitary 
SOFC was prepared with deposition of the cathode layer. AFM and EIS were used for the 
characterization of SOFC components. They showed that the electro-catalyst surface was 
almost all covered with the metal phase, including the large pore walls of the anode. The 
YSZ phase dominates the material conductance of the complete SOFC assembly 
(anode/electrolyte/cathode). The unitary SOFC was tested with hydrogen, gaseous ethanol 
or natural gas; the SOFC operating with ethanol and hydrogen fuel presented virtually no 
over-potential. 
Keywords: SOFC, ethanol, AFM, SOFC, EIS, XPS. 
1 Introduction 
Fuel cells are devices that directly convert the fuel chemical energy into electricity, with high 
efficiency and low pollutant emission. Among the several models, the solid oxide fuel cell 
(SOFC) attracts special interest. Because of its high operating temperature (800 – 1,000 °C) 
the SOFC presents high flexibility in fuel choice and the possibility of direct reform in the 
anode [1, 2]. The hydrogen production from the steam reforming of ethanol has attracted 
interest mainly for the use of bio mass in fuel cells [3]. Among transition metals, the high C–C 
bond-breaking activity and the relatively low cost of Ni and Co make it a suitable active 
phase for ethanol-reforming reactions [4]. Organic additives, including citric acid, have been 
added to act as a dispersant for a higher specific surface area of the support and a better 
distribution of active sites of the metal supported catalyst [5]. Atomic Force Microscopy 
(AFM) and X-ray photoelectron spectroscopy (XPS) are very well established techniques to 
probe the surfaces of most catalysts. [6, 7] Electrochemical impedance spectroscopy (EIS) 
has been extensively used to characterize fuel cells [8]. However, the simultaneous use of 
these three techniques has been relatively scarce [9]. Anodes prepared with nickel and 
cobalt supported on YSZ and with high metal load (35%) have been used in the preparation 
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of the solid oxide fuel cell (SOFC) [10] 4. The use of ethanol in the SOFC showed 
performance comparable to other fuels such as methane and hydrogen [11] 5. 
2 Experimental 
The wet impregnation method, with and without citric acid addition, was used for the catalyst 
syntheses. The support (YSZ), metal precursors (Ni and Co) and citric acid were 
mechanically mixed, with subsequent addition of small amounts of water for better 
homogenization of the mixture. The catalysts were calcined at 800 °C for two hours in air. 
The metallic composition of the catalysts samples were determined by XRF, SEM-EDX and 
XPS while the structure of the solid phase was analyzed by XRD. The AFM analyses were 
conduct on a transversal, clean and new surface, on non-contact mode, no prevent tip wear. 
EIS was made in air at variable temperature, with stainless steel contacts. The catalysts 
were evaluated in the ethanol steam reforming. 
In the XPS experiments, the catalysts were initially calcined at 800 °C for two hours in air; 
afterwards the catalyst were reduced in situ with a hydrogen mixture of 10% molar in 
nitrogen, between 30 and 800 °C, with a heating rate of 10 °C per minute. The NiCo/YSZ 
catalysts were characterized by XRF, XRD, SEM-EDS, and XPS. XRF and XRD allowed to 
determine the bulk composition of the solids. The catalysts were characterized by SEM-EDS 
using a Shimdazu SS 550 model, with a 15 keV electron beam. XRD was performed in a 
Pananalytical X’Pert diffractometer with an Anton Paar cell for in situ treatment. The XRD 
analysis was in the following conditions: 16 - 90 °C, step of 0.016, 256 sec/step, time for total 
analysis: 2:30 h. Both catalysts were analyzed after calcination at 800 °C and exposition to 
air. Then the solid was exposed to a hydrogen flow, 20 ml/min, at ambient temperature, a 
diffractogram was registered and the temperature was increased to 250, 300, 350, 400, 450, 
500 and 600 °C, using a heating rate of 2 °C/min. At each temperature it was given 30 
minutes for temperature equilibration, before registration of the diffractogram. Each cycle of 
analysis was completed in 48 hours. After analysis under hydrogen, the solid was cooled 
under hydrogen flow to the ambient temperature, purged 30 minutes with N2 flow and 
exposed gently to air for 12 hours. The passivation of the solid surface under controlled 
conditions was studied. XPS analysis was performed to determine the surface composition 
and the oxidation state of the elements at the surface. The spectra were obtained in an 
ESCALAB VG MKII using non-monochromatized Mg Kα radiation (1253.6 eV). The peak of 
C1s at 284.8 eV was used as reference. 
3 Results and Discussion 
Table 1 shows the catalyst composition measured by several techniques. The solid 
composition determined by XRF agreed with the nominal composition. The XPS analysis 
showed that the Ni surface concentration is close to its bulk concentration, but Co surface 
concentration was higher compared to the bulk concentration. These results agreed with the 
semi-quantitative XRF results for 5Ni5Co and 5Ni5Co-CA samples observed. The SEM-EDS 
analysis showed that the surface distribution of Ni and Co is not homogeneous, with regions 
with higher Ni and Co concentrations. XRD analysis [12] in situ showed that the catalyst after 
calcination formed a mixed oxide (figure 1) and that after reduction a NiCo alloy was formed. 
After reduction, the solid was carefully placed in contact with air. XRD analysis showed that 
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the alloy was preserved (figure 2), indicating that the passivation of the solid surface was 
successful. XPS analyses agreed with these results. The metal bulk was composed of a 
NiCo alloy; both oxides, Ni2O3 and CoO, were present at the surface. Figures 3 and 4 show 
the XPS spectra of the reduced samples. 
Table 1: Compositions of reduced catalyst samples in mass percent, by XRF, SEM-EDS, and 
XPS. 
 
Figure 1: Diffractograms of calcined and 
reduced samples. 
Figure 2: Diffractograms of the passivated 
sample. 
 
Figure 3: XPS of the calcined and reduced 
samples. 
Figure 4: Diffractograms of the passivated 
sample. 
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Figure 5 showed the results of catalysts evaluation in ethanol steam reforming. Sample with 
higher metallic load presented slightly higher conversion of ethanol; they also showed lower 
selectivity for hydrogen production. Among the sample of low metallic load, the catalyst 
prepared with citric acid showed high selectivity. These result suggested that citric acid acted 
as a dispersant of metallic phase. 
 
Figure 5: Ethanol conversion and hydrogen production in the ethanol steam reforming. 
Figure 6 shows AFM analyses of the surface of the electro-catalyst prepared with YSZ and 
Ni (no Co was present). Region A (anode), surface had large holes (~1 mm) with depth 
exceeding 5 mm; probably the holes are vertical, since the images showed a V profile. 
Region B (electrolyte), the surface presented no holes, with 85 nm roughness on large scale, 
and 1.7 nm on small scale. Region C (cathode), the surface was very flat, with roughness of 
72 nm, on a large scale, and 2 nm on small scale. 
 
Figure 6: SOFC component AFM: a) anode (Ni/YSZ), b) electrolyte (YSZ), c) cathode (LSZ). 
Figure 7 shows that the impedance decreased with increasing temperature, which indicated 
a raised ionic conduction for high temperatures; the impedance lowered for large 
frequencies. The impedance module, measure at 700 ºC and 106 Hz, was 5.1, 6.7, and 
8.1 x 103 for the cathode/electrolyte/anode pellet, anode (Ni/YSZ) and electrolyte (YSZ) 
layers, respectively. From 700 to 400 ºC, the conductance activation was 0.5, 1.1, and 1.2 eV 
for the three materials. Apparently, for the anode and electrolyte layers, the YSZ dominated 
the conduction process. The electro-catalyst surface is almost all covered with the metal, 
including the large pore walls. The YSZ phase dominates the material conductance of the 
complete SOFC assembly (anode/electrolyte/cathode). 
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Figure 7: SOFC component EIS: a) anode (Ni/YSZ), b) electrolyte (YSZ), c) cathode (LSZ). 
The unitary SOFC has been tested with hydrogen, gaseous ethanol or natural gas. The 
SOFC performance with the various fuels is shown in figures 8 and 9. One of the most 
remarkable features of the SOFC operating with ethanol and hydrogen fuel was the virtual 
absence of overpotential. This cell property is directly related to internal ohmic resistances, 
the lower the overpotential the lower the internal resistance. Therefore, the very low 
overpotential presented by the unitary SOFC was likely resulting from the excellent interface 
formed between the electrolyte and electrodes. 
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Figure 8: SOFC performance with ethanol at 
800 °C (voltage and power density 
versus current density). 
Figure 9: SOFC performance with methane 
at 800 °C (voltage and power 
density versus current density). 
4 Conclusions 
The analysis showed that the metal phase of the prepared catalysts was mixed oxides and 
that an alloy was formed after reduction. The surface passivation was possible under 
controlled conditions; after passivation the metal bulk remained as an alloy and the surface 
was a mixture of Ni and Co oxides. The metallic species were the active site for ethanol 
reforming, which explained the good activity results for these solids. 
Furthermore, the metal, at low concentration, was uniformly dispersed on the catalyst 
support; different behavior was found for catalysts with high metal load. Nickel and cobalt 
formed stable alloy on YSZ, which after reduction remained as metal, even after exposure to 
air. The metal load had almost no effect on the catalytic activity, but decreased the 
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selectivity. At low metal load, the use of citric acid increased the catalytic selectivity, likely 
due to its dispersant effect. 
Finally, AFM and EIS are very useful techniques for the characterization of SOFC 
components, being almost obligatory for fuel cell development. The electrocatalyst surface is 
virtually all covered with the metal, including the large pore walls. The YSZ phase dominates 
the material conductance of the complete SOFC assembly (anode/electrolyte/cathode). 
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Preparation of Anode-electrolyte Structures Using 
Graphite, Sodium Bicarbonate or Citric Acid as Pore 
Forming Agents for Application in Solid Oxide Fuel Cells 
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Pontes, Jaime Soares Boaventura, Energy and Materials Science Group, GECIM, 
Institute of Chemistry, Physical Chemistry Department, UFBA, 41170290, Salvador, 
Bahia, Brazil 
Abstract 
Cermets based on Ni supported on YSZ or GDC were prepared for use as anode in direct 
reform SOFCs. NaHCO3 (Na-Ni-YSZ and Na-Ni-GDC) or citric acid (Ac-Ni-YSZ and Ac-Ni-
GDC) were used as pore forming agents (PFAs). The SOFC anode was also prepared using 
graphite (G-Ni-YSZ and G-Ni-GDC) as PFA for the purposes of comparison. The testing 
unitary SOFC, planar type, was made by pressing the anode-electrolyte assembly, followed 
by sintering at 1500 °C. After this, LSM (lanthanum and strontium manganite) paint was used 
for the cathode deposition. The powdered cermets were evaluated in ethanol steam 
reforming at 650 °C. The ethanol conversion was 84% and 32% for cermets Na-Ni-YSZ and 
G-Ni-YSZ, respectively and the selectivity to H2 was 32% and 20% for the two cermets, 
respectively. The Na-Ni-YSZ cermet was ten times more resistant to carbon deposition than 
the G-Ni-YSZ cermet. SEM micrographs of the anode-electrolyte assembly showed that the 
use of NaHCO3 as PFA created a well formed interface between layers with homogeneously 
distributed pores. In contrast, graphite as PFA formed a loose interface between anode and 
electrolyte. The performance of the unitary SOFC was evaluated using ethanol, hydrogen or 
methane as fuel. The cell operated well using any of these fuels; however, they exhibited 
different electrochemical behavior. 
Keywords: SOFC, cermet, pore forming agent (PFA), YSZ, GDC, ethanol, methane 
1 Introduction 
In recent years, there has been a significant increase in research into new energy sources, 
especially focused on the production of clean energy. In this search for alternative sources, 
solid oxide fuel cells (SOFC) have been one of the highlights, offering an excellent option for 
the clean production of energy. They have therefore attracted great technological interest, 
especially for their capacity to handle almost any fuel. These cells can operate with pure H2, 
but their cost is greatly minimized when they operate with hydrocarbon or ethanol directly 
reformed on the anode [1, 2]. 
SOFCs basically consist of three components: First, the electrolyte is composed of a dense 
material conductor of O2- species. Second, the anode is usually made of a metallic electro-
catalyst supported on the same (or similar) material used as electrolyte. Third, the cathode is 
                                                
* Corresponding author, email: raigenis@ufba.brl 
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also an electro-catalyst of porous structure whose main task is to reduce oxygen and it 
usually consists of mixed oxides [3-6]. The performance of SOFCs strongly depends on the 
component microstructure, especially the anode structure [7], which should be well adhered 
to the electrolyte, making available paths for conducting oxygen ions to enlarge the boundary 
region of the triple phase. The anode must also have adequate porosity, around 40%, to 
allow a good fuel distribution, as well as a good dispersion of the metal phase on the support. 
The metal particle size distribution must be adequate to form a continuous metallic phase on 
the support, making the anode an electrical conductor [8]. This paper studies the 
construction and evaluation of the microstructure of an anode-electrolyte set as well as the 
catalytic activity of the anode, both produced using different pore forming agents (PFA): 
graphite, NaHCO3 and citric acid. The microstructure was studied by means of scanning 
electron microscopy (SEM); the anode catalytic activity was evaluated for ethanol steam 
reforming. 
2 Methodology 
The preparation of anode-electrolyte set was made using graphite, NaHCO3 or citric acid as 
PFA. The electrolyte was produced from YSZ (8 mol-% Y2O3 in ZrO2) and GDC 
(Gd0.1Ce0.9O2); the three PFAs were used with both materials. First, a mixture of YSZ, 
graphite and NiO was prepared to produce the anode [9, 10], formulate to contain 35% by 
weight of Ni metal and enough graphite to generate an average porosity of 40%. The 
electrolyte was formed with pure YSZ; a layer of the previous described mixture (as anode) 
and a layer of pure YSZ (as electrolyte) were put into a steel mold and pressed to produce 
pellets of an average thickness of one millimeter. This set based on YSZ, NiO and graphite 
was called G-Ni-YSZ. The same procedure was reproduced, replacing YSZ, both in the 
electrolyte and anode, by GDC; the set was named G-Ni-GDC. The sets were synthesized 
according to a careful heating program, taking into account the temperature of melting, 
boiling and decomposition of PFA and Na derivatives formed during the sintering in air, up to 
a temperature of 1500 °C for effective sintering. The samples were characterized by 
Scanning Electron Microscope (SEM) techniques and the average porosity was measured by 
water absorption. 
To evaluate the effect of residual Na on the electro-catalyst, two cermets were prepared. For 
the first one, NiO, YSZ (8% Y2O3 in ZrO2) and graphite (as PFA) were mechanically mixed 
and sintered at 1400 °C. This cermet was named G-Ni-YSZ. The other cermet was prepared 
in a similar fashion, however, the graphite was replaced by NaHCO3; this cermet was named 
Na-Ni-YSZ. The Ni contents of both cermets were around 35% in mass. After sintering, the 
cermets were reduced to powder and separated in a 300 mesh sieve. They were evaluated 
in ethanol steam reforming at 650 °C in a quartz flow reactor and the reaction products were 
analyzed by gas chromatography. For the unitary SOFC preparation, the anode (Na-Ni-YSZ) 
and electrolyte were similarly pressed in a steel mould and sintered at 1500 °C for 3 hours. 
Afterwards, the cathode was prepared by adding a thin layer of LSM ink and sintered at 
1200 °C for one hour. Platinum screens, set on both sides of the cell by ink platinum, were 
used as the electrical contact. Platinum wires were used to connect the cell terminals to the 
circuit test. A high temperature ceramic bond was used to fix the cell to an alumina tube 
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which supplied fuel and oxygen to the cell. The system was put into a controlled temperature 
furnace and the cell was tested at 800 °C using ethanol, methane or H2 as fuel. 
3 Results and Discussion 
The dense aspect of the samples seen in the microphotographs indicated that they reached 
a high degree of densification, as Figure 1 shows. Additional SEM microphotographs 
revealed the good densification of GDC electrolyte, showing that the temperatures used were 
appropriate for its sintering. As noted in the literature, YSZ can be well sintered at lower 
temperatures, around 1350-1400 °C, however, GDC requires a higher sintering temperature, 
around 1450 °C [4, 9, 10]. For all the SOFCs prepared in this work, the electrolytes had an 
average thickness of 150 to 200 µm and the anodes were 400 µm thick, measured using 
SEM techniques. 
 
Figure 1: SEM image obtained from fracture region of AC-Ni-GDC electrolyte sample after 
sintering at 1500 °C. 
The micrographs in Figure 2 show that the use of graphite as a PFA led to the formation of 
well distributed pores over the anode; they were uniform and connected to each other. 
However, the graphite apparently induced a separation of anode and electrolyte layers, 
weakening the interface and allowing these layers to come easily apart. This separation 
between anode and electrolyte was probably related to the lubricant action of graphite, 
preventing good adhesion between the anode and electrolyte layers; therefore the anode-
electrolyte interface formed discontinuities during the sintering process [11]. The separation 
between anode and electrolyte probably reduced the number of available passes of oxygen 
ions [3]. 
The addition of NaHCO3 or citric acid to the anode as PFAs led to the formation of pores with 
the same characteristics as observed in samples prepared with graphite, i.e. pores well 
distributed over the anode, uniform and connected to each other. However, excellent 
connectivity between anode-electrolyte, for both Na-Ni-YSZ and Ac-Ni-YSZ samples, was 
observed, as may be seen in Figures 3 and 4. The good adherence between anode-
electrolyte layers for pellets made using NaHCO3 as a PFA may be attributed to the 
formation of a liquid phase during heating due to the formation of sodium hydroxide and 
oxide [12]. This liquid phase served as a bonding agent and promoted such a good adhesion 
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between anode and electrolyte layers that they formed a single block. Furthermore, pellets 
made with citric acid as a PFA showed adherence as good as those made with sodium [13]. 
 
Figure 2: SEM image obtained from the electrolyte-anode interface of fractures – a) G-Ni-
YSZ; b) G-Ni-GDC – both samples after sintering at 1500 °C (1220x magnification). 
 
Figure 3: SEM image of the electrolyte-anode interface: a) Na-Ni-YSZ and b) Na-Ni-GDC. 
 
Figure 4: SEM image of the electrolyte-anode interface: a) Ac-Ni-YSZ and b) Ac-Ni-GDC. 
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Figure 5 shows a SEM micrograph of the anode-electrolyte-cathode assembly used for the 
unitary SOFC test. The anode-electrolyte-cathode interfaces were well constructed and did 
not present any discontinuity. Well constructed interfaces are fundamental for the 
performance of the cell in electricity generation [14]. Müller et al. [15], investigating electrode 
(cathode and anode) and electrolyte interfaces, reached the same conclusion regarding the 
fundamental role of interfaces on unitary SOFC performance. Furthermore, Weber and Ivers-
Tiffée [16] demonstrated that the penetration of the electrolyte phase into the electrode 
phase significantly lowered the cell ohmic resistance. On the other hand, discontinuity 
regions at the interfaces drastically reduced the performance of the cell [17]. 
 
Figure 5: SEM image obtained from the cathode-electrolyte-anode interface of a fracture of 
Na-Ni-YSZ samples after sintering at 1500 °C. 
The results of the catalytic test, carried out for the steam reforming of ethanol at 650 °C, 
showed that the Na-Ni-YSZ cermet was more active than the G-Ni-YSZ sample. The ethanol 
conversion increased by a factor of 2.5 and the H2 production increased almost twofold. 
These tests also indicated that the relative amount of deposited carbon for the Na-Ni-YSZ 
cermet was around ten times lower than the carbon formation on the G-Ni-YSZ cermet. This 
significant reduction in carbon formation was attributed to the lower acidity of the Na-Ni-YSZ 
sample due to the basic effect of Na species formed during the cermet sintering. These 
results are in agreement with Haryanto et al. and Llorca et al. [18, 19]. They observed that 
the reduction in acidity of the catalyst was beneficially reflected in reducing the formation of 
carbon deposits which contributed to the deactivation of the catalyst when the cells were fed 
directly with gaseous ethanol. In addition to the higher activity of Na-Ni-YSZ, this electro-
catalyst was more stable than the G-Ni-YSZ cermet during the studied reaction period. 
These results may be seen in Figure 6. The figure presents the H2 concentration profile 
obtained during the test for carbon deposition. The reaction was carried out for one hour and 
Na-Ni-YSZ lost around 2% of its activity, while G-Ni-YSZ deactivated by around 17%. The 
improved stability of Na-Ni-YSZ is in agreement with results reported by Frusteri et al. [20], 
who noticed lower deactivation of electro-catalysts with lower acidity. 
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Figure 6: H2 production from the steam reforming of ethanol at 650 °C, measured as molar 
concentration at the reactor outlet. The reaction was carried out for one hour. 
The unitary SOFC has been tested with H2, gaseous ethanol or methane; the performance of 
the SOFCs with the various fuels is shown in Figures 7 to 9. The power delivered by the cell 
increased with the fuel used in the following order: H2 < ethanol < methane. The differences 
in the cell behavior with the various fuels may be explained on the basis of H2 species 
availability on the triple phase boundary (TPB). The adsorbed H2 species were readily 
available from the methane or ethanol reforming, while adsorption and dissociation steps 
were required for gaseous H2. This variation in the cell performance with the fuel used may 
be better seen from the potential and over-potential versus current curves, shown in Figures 
8 and 9, respectively. The potential curve profile for ethanol, with a steep over potential 
variation at low current, suggest that the anode concentration polarization was the dominant 
term for the ethanol cell over-potential [22, 23]. This term may arise from the lower diffusivity 
of gaseous ethanol. Following the low current regime, the over-potential was very closely 
linear to the current for all three fuels. This linearity of the over-potential has been associated 
with the activation and ohmic polarizations of the cell [24, 25]. The linear coefficient of the 
over-potential dependence on cell current increased with the fuel used as follows: ethanol 
< methane < H2. This order is in agreement with the above reasoning that H2 adsorption and 
dissociation were significant kinetic steps in H2 oxidation; Ye et al. [26] made a similar 
observation. Furthermore, if one assumes that activation polarization are negligible for the 
ethanol over potential, the cell ohmic polarization was comparable to the cell activation 
polarization with methane and half the value with H2 [24]. The results suggested that the cell 
resistance due to the electrolyte layer and its interfaces was relatively low, indicating that the 
NaHCO3 used as PFA was an excellent alternative. 
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Figure 7: Performance of unitary test SOFC 
operating at 800 °C. 
Figure 8: Cell potential versus current 
density for the unitary test SOFC 
operating at 800 °C. 
Figure 9: Cell over-potential versus current density for the unitary test SOFC operating at 
800 °C. 
 
4 Conclusion 
The results show that the temperature of 1500 °C is well suited to the promoting of good 
sintering of GDC and YSZ pellets. Lower temperatures may sinter YSZ, but not GDC. 
NaHCO3, citric acid and graphite have similar characteristics in the formation of coalescing, 
connected and well distributed pores. However, NaHCO3 and citric acid, unlike graphite, 
enables strong adhesion of the interface between anode and electrolyte, forming a compact 
block which is a very important feature for high efficiency SOFCs. Furthermore, the cermets 
prepared with NaHCO3 presented higher activity for ethanol steam reforming and around a 
ten times lower tendency for carbon deposition in comparison with the cermet prepared with 
graphite. The unitary SOFC prepared with an anode using NaHCO3 as a pore forming agent 
shows low internal ohmic resistance for all the fuels tested (H2, ethanol and methane), 
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indicating very high ionic conductance of the anode-electrolyte interface. These aspects 
contribute significantly to the technological advancement in the development of fuel cell 
components, overcoming one of the major barriers to increasing cell efficiency by the 
reduction of the ohmic resistance of the device. 
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Advanced Modeling in Fuel Cell Systems: A Review of 
Modeling Approaches 
Matthew M. Mench 
Abstract 
A review of fuel cell modeling approaches across various length scales is given, with special 
focus on low-temperature hydrogen-fed polymer electrolyte fuel cell (PEFC) systems. The 
overall scope of fuel cell modeling is incredibly broad, and ranges from fundamental atomistic 
modeling of catalytic processes and transport to nearly completely empirically based online 
system control models. In the first part an overview of the various scales of modeling is 
given, with some examples from the literature, along with a summary of the common 
limitations and requirements for successful predictive capabilities. In the second part, a 
critical analysis of the present state of polymer electrolyte fuel cell performance and water 
management models is given, and the inability of the existing framework of models to 
accurately predict the liquid water distribution and transport in the PEFC is demonstrated and 
discussed. Based on the discussion of the various modeling approaches and the limitations 
in the current framework, the needs of future research to provide precise fundamental and 
engineering models are discussed. 
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Hierarchical 3D Multiphysics Modelling in the Design and 
Optimisation of SOFC System Components 
M. Peksen, Ro. Peters, L. Blum, D. Stolten, Institute of Energy Research – IEF-3 
Fuel Cells Research Centre Jülich GmbH, Jülich, D-52425, Germany 
Abstract 
This paper presents a novel bottom-up modelling approach to aid in the design and 
optimisation of the Research Centre Jülich type integrated module components. The 
approach is demonstrated by employing the air pre-heater component. A feasibility study 
substituting the real design with a simplified one is introduced. Analogue design 
simplifications are performed to the afterburner and pre-reformer component. The integrated 
module, including the simplified system components is simulated in 3D, considering the 
multiphysics that occur within each component. The predictions of the air pre-heater 
component are compared to the stand-alone air pre-heater simulation results. The results are 
in very good agreement. The approach is proven to be useful for the optimisation of the 
integrated module. Moreover, the results reveal that stand-alone component analyses are 
feasible, and can be used for the investigation of local processes, the development and 
construction of models, and the structural design optimisation of each individual component. 
1 Introduction 
The successful optimisation of the SOFC technology depends upon a thorough 
understanding of the whole system components and their interactions. The optimal 
proportioning and structural design of each component depends upon the process conditions 
it is subjected to. To peruse experimentally the effects of the design and operating 
parameters on each system component, or on the overall integrated module performance, is 
prohibitive; especially, at high temperatures. Computational modelling of individual Jülich 
type SOFC system components together with experimental validations has been elucidated 
in previous studies [1-3]. The use of computational modelling is an attempt to bring 
mathematical optimisation into the product development mainstream. However, the design of 
the individual components combined with the multiphysics, is very complicated. Moreover, for 
a given system configuration it is difficult to determine the optimal performance, proportioning 
of components and subsystems that interact and work together to yield the overall system 
characteristics. This implies that for a reliable and cost efficient optimisation, pursuing a 
systematic concept is indispensable. In a previous study [2], a systematic trio approach has 
been introduced to develop and employ an optimisation strategy for the design and 
optimisation of SOFC system components. Coupling this strategic concept with the design 
innovation is a challenging task.  
This paper presents a novel hierarchically divided bottom-up modelling approach for the 
design and optimisation of the integrated SOFC module, developed and tested at the 
Research Centre Jülich. A combinatorial multiphysics analysis considering the fluid flow, heat 
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transfer, chemically reacting species transport, and the thermo mechanics of the integrated 
module components, has been proposed.  
2 Approach 
The integrated SOFC module of the Research Centre Jülich is a complex system involving 
apart of the fuel cell, three more major components i.e., afterburner, air pre-heater and pre-
reformer. Each component involves various processes contributing to the overall 
performance of the whole integrated module. To design and optimise the overall system 
performance, a hierarchically divided bottom-up approach is employed. Figure 1 depicts the 
general methodology. 
 
 
Figure 1:  Schematic view of the employed bottom-up approach. 
The full scale integrated module is virtually partitioned in stand-alone system components, 
each consisting of single unit assemblies stacked on top of each other. Each individual 
component comprises individual problems including additional sub components, different 
geometrical aspects and many different process conditions. This ensures the investigation of 
local processes, development and construction of models, and the structural design 
optimisation of each individual component. Moreover, this contributes much to a better 
understanding and prediction of each component’s autonomous behaviour. The extrapolation 
of the obtained data will provide fundamental knowledge about the whole system behaviour. 
To verify the methodology, a feasibility study has been introduced and demonstrated on the 
air pre-heater component of the integrated module. The thermo fluid flow behaviour of the 
real air pre-heater design is compared to a simplified design. Analogue design simplifications 
are applied to the afterburner and the pre-reformer, mitigating the numerical difficulties 
associated with the geometrical and physical difficulties. In order to investigate the interaction 
of the air pre-heater with the peer components, the integrated module model is developed 
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and simulated using the simplified component designs. The air pre-heater results predicted 
from the whole integrated module simulation are compared to the numerical predictions 
performed using the stand-alone air pre-heater component.  
3 Results 
To test and verify the feasibility of the attempted approach, computational fluid dynamics is 
used to determine the thermo fluid flow behaviour of the real air pre-heater design and 
compare to the simplified design. The predicted results are illustrated in Figure 2. 
 
(a) (b) 
Figure 2:  Temperature contour plot of the real pre-heater design (a) and simplified design (b) 
The results show that the simplified design depicts the temperature profile of the real design 
reasonable. The cooler part of the pre-heater due to the reformer fuel is well captured. The 
distribution also reveals that a sufficient heat exchange could be achieved with a smaller 
design as well. Hence, substituting the real design with the simplified one is feasible. In order 
to understand the limits of investigating stand-alone components compared to an analysis 
performed with the whole system components, the simplified stand-alone air pre-heater is 
compared with the results of the pre-heater simulated considering all three system 
components i.e. afterburner, air pre-heater and the pre-reformer together. Figure 3 illustrates 
the comparison. 
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(a) (b) 
Figure 3:  Temperature contour plot comparison of the integrated module simulation (a) to 
the stand-alone component simulation (b). 
The numerically predicted temperature profile obtained from the integrated module shows 
very good agreement with the stand-alone component. prediction. With negligible differences 
it can be stated that the demonstrated results of the stand-alone component are sufficient to 
obtain a better understanding about how each component performs within the integrated 
module and what impact the interaction of the components has on different physics of 
interest. The data provided enables to undertake an accurate design optimisation of each 
individual component.  
4 Conclusions 
A 3D bottom-up modelling approach has been proposed to design and optimise the 
Research Centre Jülich type integrated solid oxide fuel cell module. The feasibility to employ 
simplified component models has been tested and verified. The integrated module 
considering the whole system components i.e. afterburner, air pre-heater and the pre-
reformer are considered in the model, including all physicochemical processes occurring 
within each component. Results predicted from the module simulation are compared to the 
stand-alone component simulation, being demonstrated using the air pre-heater component. 
Results are in very good agreement. The stand-alone component analyses enable a 
thorough investigation of each constituent of interest, providing detailed information about 
each component’s autonomous behaviour. This ensures a reasonable component design 
optimisation Furthermore, it can be concluded that the stand-alone analyses yield to 
reasonable results, providing information about the component behaviour within the 
integrated module. The employed approach is proven to be an invaluable tool that can be 
used in local or global optimisations, in order to assist a rational new system design. 
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Abstract 
In this paper, a conventional biomass fueled power production system is compared with a 
SOFC and biomass gasification system in terms of efficiency and greenhouse gas 
emissions.  A heat transfer model of the SOFC and thermodynamic models for the other 
components of the systems are used to find the performance assessment parameters of the 
systems. These parameters are taken as electrical and exergetic efficiencies. In addition, 
specific greenhouse gas emissions are calculated to evaluate the impact of these systems 
on the environment. The results show that the SOFC and biomass gasification system has 
higher electrical and exergetic efficiencies and lower greenhouse gas emissions. 
Keywords: biomass, SOFC, gasification, steam turbine, greenhouse gas, energy, exergy, 
efficiency 
1 Introduction 
SOFC is one of the high temperature fuel cells that can operate in temperatures ranging from 
500 °C to 1000 °C depending on the manufacturing type, e.g., electrode-supported and 
electrolyte-supported. SOFCs have several advantages over low temperature fuel cells, e.g. 
proton exchange membrane fuel cell, such as: being simpler in design concept since there is 
no liquid phase, fuel flexibility, internal reformation of the gases, and integrability with other 
systems, e.g. gas turbine and gasifier. However, fuel containing carbon and sulphur can 
cause problems related to carbon deposition and sulphur poisoning, respectively. In addition, 
there are challenges with construction and durability due to the high operating temperature. 
Biomass gasification is a thermochemical conversion technology where fuel is converted into 
a gas mixture called syngas, but also contaminants. The composition of this gas mixture 
depends on the fuel, e.g. wood and municipal solid waste, gasifier type, e.g. downdraft, 
updraft, and fluid bed, gasification agent, e.g. air, oxygen, and steam, and other operating 
parameters of the gasifier, e.g. temperature and pressure. There are two types of gasification 
processes: autothermal and allothermal. In autothermal gasification, heat is provided by 
partial oxidation that takes place within the gasifier; whereas in allothermal gasification, an 
external source supplies the heat needed for gasification reactions.  
Studies on integrated biomass fueled SOFC systems and their analyses have increased 
recently. Panopoulos et al. [9][10] investigated the integration of a SOFC with an allothermal 
biomass gasifier using steam as the gasification agent. They found the electrical efficiency of 
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the system as 36% and exergetic efficiency as 32%. Cordiner et al. [7] studied the integration 
of a downdraft gasifier with a SOFC. They calculated the electrical efficiency of the system 
as 45.8%. Athanasiou et al. [2] analyzed the integrated SOFC, steam turbine and gasifier 
system. They found the electrical efficiency of the system as 43.3%. Omosun et al. [8] 
compared different gas cleanup types to be used in biomass gasification and SOFC system. 
Their study showed that hot gas cleanup should be selected for better performance and 
economical solution. Colpan et al. [5] studied the effect of gasification agent on the 
performance of an integrated SOFC and biomass gasification system. They found that the 
system in which steam is used as the gasification agent yields higher electrical and exergetic 
efficiencies compared to the systems in which air or enriched oxygen are used as the 
gasification agents. In another study by Colpan et al. [6], different technologies including the 
internal combustion engine, the gas turbine and the SOFC are compared in terms of 
performance and greenhouse gas reduction to be used in a landfill site. Their study showed 
that the SOFC shows higher performance and greenhouse reduction compared to the other 
systems studied. 
In this study, a conventional biomass fueled power production system, i.e. a steam turbine 
system using the heat recovered from the combustion of biomass, is compared with an 
advanced biomass gasification and SOFC system in terms of efficiency and environmental 
impact. Electrical and exergetic efficiencies and specific greenhouse gas emissions are 
calculated for performance and greenhouse gas emission comparisons, respectively. 
2 System Description 
A conventional biomass fueled power production system (System-I) and an advanced 
biomass gasification and SOFC system (System-II) are studied for performance comparison 
purposes. In both of these systems, a forced drying system is used to evaporate the moisture 
completely in System-I and bring the moisture content to a reasonable level according to the 
gasifier design in System-II.  
System-I consists of a dryer, a combustor, a heat recovery steam generator (HRSG), a 
steam turbine, a condenser and a water pump, as shown in Figure 1. In this system, the 
dried biomass and air enters the combustor. The gas mixture produced from this combustion 
process supplies heat to the HRSG where steam is produced. The gas mixture exiting the 
HRSG enters the dryer to supply the required amount of heat for the drying process and then 
it is emitted to the atmosphere. The steam produced in HRSG enters the steam turbine 
where the power is produced. The exit stream from the steam turbine enters the condenser 
and some amount of heat is rejected to the environment. The condensed liquid enters the 
pump and then it is sent back to the HRSG. 
A schematic of the integrated biomass gasification and SOFC system is shown in Figure 2. In 
the gasification subsection, steam is selected as the gasification agent and external heat is 
supplied by the recirculation of the depleted streams from the SOFC. The gas mixture 
produced by gasification, i.e. syngas, has generally high level of contaminants to be used 
directly in the SOFC. A gas cleanup system has to be used to clean the syngas according to 
the SOFC impurity levels not to cause any degradation in the fuel cell. For this study, a hot 
gas cleanup is preferred to be compatible with the gasifier exit and SOFC inlet streams. The 
cleaned syngas enters the SOFC, where the electricity is generated. It should be noted that 
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depleted fuel stream can be recirculated to adjust the steam to carbon ratio in case there is a 
carbon deposition problem in the SOFC. The fuel and air streams exiting the SOFC enter the 
afterburner to burn the unused fuel and increase the temperature of these streams. The 
mixture leaving the afterburner supplies heat to the following components respectively: the 
blower used to supply air for the SOFC, the HRSG used to produce steam for the gasifier 
and the steam users, and the dryer. After exiting the dryer, this gas mixture is emitted to the 
environment. 
 
Biomass
Dryer Exhaust
Air 
HRSG
Pump Condenser
Combustor 
Steam 
turbine
Figure 1: Schematic of the System-I (a conventional biomass fueled power production 
system using steam turbine). 
Biomas
Gasifier 
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Dryer 
Afterburner 
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Pump 
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DC 
AC 
Water
Steam to users 
Figure 2: Schematic of the System-II (an advanced integrated biomass gasification and 
SOFC system). 
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3 Analysis 
In the modeling of the conventional biomass fueled power production system, i.e., System-I, 
thermodynamic principles and laws are applied to the components of the system. It is 
assumed that complete combustion is achieved using 100% theoretical air, i.e. stoichiometric 
mixture. The heat recovered from the HRSG is first calculated applying an energy balance 
around the control volume enclosing the HRSG. Using the isentropic efficiencies of the 
components and the thermodynamic relations, steam produced in the HRSG is then 
calculated. Finally, using these finding, the power output of the steam turbine, power demand 
for the pump, and the net power output of the system are calculated. 
For the SOFC, the transient heat transfer model developed by Colpan [4] is used. The 
approach and main features of this model are as follows: A control volume around the repeat 
element found in the middle of a planar SOFC stack is taken. It is assumed that the other 
repeat elements show the same characteristics with this repeat element. The solid structure, 
i.e. electrodes, electrolyte, and interconnects, is modeled in 2-D; whereas the air and fuel 
channels are modeled in 1-D. Since the gases flow with low velocity to obtain high fuel 
utilization, it is assumed that fully developed laminar flow conditions are achieved at the air 
and fuel channels. Natural convection at the heat-up stage, forced convection at the start-up 
stage, conduction heat transfer between the solid parts, and all the voltage losses, i.e. 
activation, concentration, and ohmic, are taken into account in the modeling. The input 
parameters of this model are cell voltage, Reynolds number at the fuel channel inlet, excess 
air coefficient, temperature at the air and fuel channel inlets, pressure of the cell, molar gas 
composition at the air and fuel channel inlets, and the geometrical dimensions of the SOFC. 
The output parameters are the current density, temperature, molar gas composition, and 
carbon activity distributions, the heat-up and start-up time, the fuel utilization, the power 
output and the electrical efficiency of the cell. This model is validated with IEA benchmark 
test [1] and Braun’s model [3]. 
In modeling the integrated SOFC and biomass gasification system, i.e System-II, firstly, the 
syngas composition and the external heat needed for the gasifier are calculated by solving 
the set of equations derived from the thermodynamic modeling of the gasifier. These 
equations include three atom balances, two chemical equilibrium relations and the energy 
balance around the control volume enclosing the gasifier. Secondly, using the syngas 
composition and the heat transfer model of the SOFC, number of the SOFC stacks, molar 
flow rate of gases at the inlet and exit of the air and fuel channels, temperature at the exit of 
the air and fuel channels, and power output of the cell are found. Thirdly, combining the 
outputs of the gasifier and SOFC models, the molar flow rate of the dry biomass is 
calculated. Fourthly, applying thermodynamic principles to the components of the system, 
the enthalpy flow rate of all the states are calculated. Finally, using the laws of 
thermodynamics, work input to the auxiliary components, i.e. blower and pump, and net 
power output of the system are calculated. 
Electrical efficiency and exergetic efficiency are selected as the performance assessment 
parameters. Electrical efficiency, which is shown in Eq. (1), is the ratio of the net power 
output of the system to the lower heating value of the fuel. In defining the exergetic 
efficiency, it is necessary to identify both a product and a fuel for the system being analyzed. 
The product represents the desired output produced by the system. The fuel represents the 
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resources expended to generate the product. This efficiency can also be written in terms of 
the total exergy destructions and losses within the system, as shown in Eq. (2). 
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Environmental impact of these systems can be assessed calculating the specific greenhouse 
gas emissions, which is defined as the ratio of the GHG emission from the system to the net 
power output of the system. From the viewpoint of energy and environment, the lower the 
ratio is, the more environmentally friendly the system is. 
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4 Results and Discussion 
The performance and environmental impact of the System-I and System-II were simulated 
for the same input data, which is given in Table 1. The results and discussion of these 
simulations are given in this section.  
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Table 1: Input data. 
Environmental temperature 25 °C 
Type of biomass Wood 
Ultimate analysis of biomass [%wt dry basis] 50% C, 6% H, 44% O 
Moisture content in biomass [%wt] 30% 
Exhaust gas temperature  127 °C 
System-I 
Conditions of the steam entering the steam turbine 20 bar (saturated) 
Pressure of the condenser 1 bar 
Isentropic efficiency of the steam turbine 80% 
Isentropic efficiency of the pump 80% 
Electricity generator efficiency 98% 
System-II 
Moisture content in biomass entering the gasifier [%wt] 20% 
Temperature of syngas exiting the gasifier 900 °C 
Temperature of steam entering the gasifier 300 °C 
Molar ratio of steam to drybiomass 0.5 
Number of cells per SOFC stack 50 
Temperature of syngas entering the SOFC 850 °C 
Temperature of air entering the SOFC 850 °C 
Pressure of the SOFC 1 atm 
Cell voltage 0.7 V 
Reynolds number at the fuel channel inlet 1.2 
Excess air coefficient 7 
Active cell area 10x10 cm2 
Number of repeat elements per single cell 18 
Flow configuration Co-flow 
Manufacturing type Electrolyte-supported 
Thickness of the air channel 0.1 cm 
Thickness of the fuel channel 0.1 cm 
Thickness of the interconnect 0.3 cm 
Thickness of the anode 0.005 cm 
Thickness of the electrolyte  0.015 cm 
Thickness of the cathode 0.005 cm 
Pressure ratio of the blowers 1.18 
Isentropic efficiency of the blowers 0.53 
Pressure ratio of the pump 1.2 
Isentropic efficiency of the pump 0.8 
Inverter efficiency 0.95 
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One of the most important factors affecting the performance of the System-I is the moisture 
content of the biomass. The more moisture content of the biomass is, the more energy 
demand for the dryer is. Hence, steam produced in the HRSG decreases with an increase in 
the energy demand of the dryer; which in turns decreases the power produced in the steam 
turbine and the electrical and exergetic efficiencies of the system. It is found that as the 
moisture content of the wood increases from 0% to 50%, electrical efficiency of the system 
decreases from 15.6% to 0%; whereas exergetic efficiency of the system decreases from 
13.5% to 0%. 
In System-II, the syngas composition is first calculated as: 2.08% CH4, 42.75% H2, 25.80% 
CO, 9.44% CO2 and 19.93% H2O. Using this composition and the data given in Table 1, the 
SOFC model is simulated. It is found the fuel utilization of the SOFC is 82%. The current 
density distribution is shown in 2. According to this figure, the average current density of the 
cell is 0.253 A/cm2 for the cell operating voltage of 0.7 V. 
As shown in Figure 3, the electrical and exergetic efficiencies of the System-I are found as 
8.3% and 7.2%, respectively; whereas the electrical and exergetic efficiencies of the System-
II are found as 44.9% and 41.1%, respectively. 
The environmental impact of the systems studied is compared calculating the specific GHG 
emissions from these systems. It is found that System-I has higher GHG emissions 
compared to System-II. As shown in Figure 4, the specific GHG emissions from System-I 
and System-II are 4.564 g-CO2.eq/Wh and 0.847 g-CO2.eq/Wh, respectively. 
 
 
Figure 3: Electrical and exergetic efficiencies of the System-I and System-II. 
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 Figure 4: Specific GHG emissions of the System-I and System-II. 
 
 
5 Conclusions 
In this paper, the performance and environmental impact assessments of an advanced 
biomass gasification and SOFC system are conducted, and the results are then compared 
with a conventional biomass fueled power production system using steam turbine as the 
electricity generator. A joint model including heat transfer model for the SOFC and 
thermodynamic models for the rest of the components of the systems is used in the 
analyses. The results of the case study conducted show that the SOFC and biomass 
gasification system has higher electrical and exergetic efficiencies, and lower specific GHG 
emissions. This study has pointed out that gasifying the biomass and then using the product 
gas in SOFC for electricity production is a very efficient way to obtain better performance and 
lower GHG emissions.  
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Cells 
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1 Introduction 
The non-linear characteristics of inverters used for feeding the electrical direct current (DC) 
output of fuel cells into the public alternating current (AC) based grid leads to the occurrence 
of current ripples both on AC and DC sides. The DC current ripples are suspected of having 
degrading effects on the fuel cell, which is usually counteracted by an anticipation to install 
filter circuits. Rather, a comprehensive analysis of coherences is still missing. On the other 
hand, deeper insight and authoritative evidence would allow for creating plain specifications 
for inverter manufacturers and fuel cell operators. The challenge of the reported project was 
to systematically investigate the influence of current ripples of various frequencies and 
amplitudes on PEM cells by long term observation and comparison with a reference cell 
loaded by pure DC. For the occurrence of ripples in commonly used pulse width modulation 
based inverters three different mechanisms are responsible: 
a) Harmonics of predominantly second order result from modulation DC / grid frequency.  
b) The usual inverter’s switching clock frequencies are in the range of several kHz. 
c) Natural frequencies of inverter circuitry, triggered by switching of transistors, are in the 
MHz range.  
2 Test Rig for Long Term Tests 
For the investigations a specific test rig was configured, allowing for simultaneous operation 
of three identical PEM fuel cell stacks under distinct ripple conditions. 
2.1 Fuel cell stacks 
The fuel cell stacks used for the different tests are composed of injection molded bipolar 
plates consisting of PP, carbon black and graphite, between which the membrane electrode 
assemble (MEA) and the appertaining seal is clamped. Bipolar plates, MEA and seals of the 
stacks were selected to be part of one and the same manufacturing charge in order to 
minimize variance. The bipolar plates are identical at both anode and cathode sides and 
contain a meander flow field with an active area of 50 cm². For cooling purposes, at the back 
side of the bipolar plates a second flow field is arranged in which tempered water is 
circulated in order to gain a homogeneously dispersed temperature across the whole cell. 
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2.2 Media supply 
Provisioning of three PEM stacks operated in parallel with gases is shown in Figure 1. 
Cathode air as well as de-mineralized water needed for air humidification are supplied by 
mass flow controllers; the mixture is overheated in an evaporator for complete vaporization. 
The segment of the feeding line to the fuel cell is heated to avoid water re-condensation. At 
the anodic side of the fuel cell the unused hydrogen is re-circulated, which is a general 
practice and provides test conditions close to real supply systems. Pressure-reduced fresh 
hydrogen is mixed with re-circulated anode gas before re-supply to the stack; due to the re-
circulation a high stoichiometry at the anode is achieved. The complete re-circulation circuit 
as well as the fresh hydrogen are heated to avoid water condensation. The surplus of water 
in the circuit is removed by a dehydrator. The high partial pressure of nitrogen at the cathode 
side of the fuel cell effects diffusion of nitrogen through the MEA to the anode side; the 
closed gas circuit at the anode side leads to increasing concentration of nitrogen. To keep 
the concentration of nitrogen in the anode circuit low, it is frequently purged by a valve. The 
cell temperature is controlled by tempered de-mineralized water flow; the conductivity of the 
water is steadily surveyed, and the water is changed when necessary. 
 
Figure 1: Media supply of test rig (one channel shown). 
 
2.3 Electronic load 
The electronic load was particularly assembled for the tests. It consists of three identical, 
independently controlled circuits based on power transistors (MOS FET types) used as 
controllable resistors, as well as appertaining control and monitoring circuits, Figure 2.  
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Figure 2: Block diagram of the electronic load (one channel shown). 
The input signal, representing the aspired fuel cell load current, is composed by summing up 
the basic DC and superimposed AC constituents, and then amplified. A calibration circuit 
allows for adjusting the input signals or, alternatively, those of an external analogue output 
board for instance. The control loop, receiving the input signal from the input amplifier, 
actuates the power MOS FET. The actual current in the load circuit is measured by voltage 
drop at the shunt, followed by a measuring amplifier, which can be calibrated internally. To 
avoid thermal overload a temperature control was established; furthermore, a current limiting 
circuit cares for fault protection. 
3 Measurement Methods 
Terminal voltages and load currents of the stacks under investigation were steadily recorded 
during the long term tests. For more detailed characterization of the stack conditions, three 
commonly used methods for in-situ characterization of fuel cells have been applied in certain 
time intervals: To achieve a quick survey of the stationary behavior, the polarization curve is 
a well proven method. The electrochemical impedance spectroscopy (EIS) as well as the 
current interrupt method (CI) provide information about the frequency dependant behavior, 
[1], [2], [3]. 
4 Experimental Results of the Long Term Tests 
For the first long term experiment – lasting 600 h – two 5-cell fuel cell stacks were used only. 
The electric parameters of the experiment are given in Table 1. 
Table 1: Parameters of first long term experiment. 
 DC current AC current Frequency 
Stack 1 40 A 8 A (20%) 100 Hz 
Stack 2 40 A 0 A - (pure DC) 
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Figure 3: First long term experiment: terminal voltages of investigated stacks over time. 
With 40 A basic DC current the active membrane surface of 50 cm2 was loaded by 800 
mA/cm2 which is relatively high; the amplitude of the second harmonic (100 Hz for grid 
frequency of 50 Hz) at 20 % of DC was consciously chosen rather high too, in order to 
provoke a noticeable ripple effect on the fuel cell stack. Both terminal voltages and loading 
currents were recorded every 5 s, polarization curves as well as EIS curves in the frequency 
range 0 … 20 kHz were taken two times per week. Figure 3 shows the stack terminal 
voltages (5 cells) over time for the complete runtime of the experiment; for the stack exposed 
to ripples the RMS values, for the reference stack the average values are entered. 
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Figure 3: First long term experiment: terminal voltages of investigated stacks over time. 
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 A significant degradation of 300 µV/h per cell on average can be observed which could be 
reduced to approximately 100 µV/h per cell after several interruptions of lab operation; the 
experiment was stopped when average cell voltages of 400 mV were reached. The 
appertaining polarization curves of the two stacks at the beginning and end of the experiment 
are shown in Figure 4. 
The characteristics of the stack exposed to ripple is rather identical to that of the one loaded 
by pure DC (low divergence in the range of diffusion processes may be caused by slightly 
different temperature, humidity or load currents); obviously no noticeable impact of ripple on 
the static behavior of the stack can be recognized.  
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Figure 4: Polarization curves of stacks at begin and end of first long term test. 
The EIS curves in Figure 5, taken at start and end of the experiment, also show the 
degradation over time of both stacks, in particular at the cathode bow (low frequencies). For 
higher frequencies the curves are approaching to each other which doesn’t give any hint of 
ripple impact as well. After implementation of several improvements at the test rig a second 
long term experiment was started, investigating three identical new stacks. As a 
consequence of the unnoticeable ripple impact in the first experiment the basic DC load was 
reduced to 20 A, connected with significant increments of ripple amplitudes up to 15 A 
corresponding to a remarkable 75 % of basic DC. Ripple frequencies were chosen at 100 Hz 
and 20 kHz this time. The electric parameters are summarized in Table 2. 
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Figure 5: EIS curves of stacks at begin and end of first long term test. 
The measurements were recorded just like in the first experiment, except the polarization 
curve which was taken every two weeks only in order to diminish the impact on steady 
operation (the effect of EIS measurements taken at very low currents is much lower). The 
total duration of this experiment was 2280 h. The consequence of several improvements at 
the test rig (supply of gases) was that the terminal voltage degraded much more moderately, 
but during this experiment several outages of lab and test rig operation happened too; the 
operation interruptions led to temporary recovery of the stack voltages, Figure 6.  
Table 2: Parameters of second long term experiment. 
 DC current AC current Frequency 
Stack 1 20 A 0 A (0%) - (pure DC) 
Stack 2 20 A 15 A (75%) 100 Hz 
Stack 3 20 A 15 A (75%) 20 kHz 
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Figure 6: Second long term experiment: terminal voltages of investigated 5 cell stacks over 
time. 
The polarization and EIS curves of the three stacks investigated, again, do not differ sig-
nificantly, Figure 7 and Figure 8. The moderate distinguishable deviation of the reference 
stack (not impacted by ripples) could later be attributed to single cells of this particular stack, 
for which some drains were congested by metallic deposits. Obviously the second 
experiment, conducted under extreme ripple conditions, could not produce any observable 
impact of ripples on stack performance too. 
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Figure 7: Polarization curves of 5 cell stacks at begin and end of second long term test. 
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Figure 8: EIS curves of stacks at begin and end of first long term test. 
In searching for further influences, stoichiometry was identified as another possible factor. 
For this reason in the frame of a third experiment the general stoichiometry was reduced to a 
value of 1.7; this should theoretically lead to short transitory undersupply (at stoichiometry of 
0.97 only) during the ripple amplitude maxima. The parameters applied to this experiment, 
lasting 1750 h, are summarized in Table 3. 
Table 3: Parameters of third long term experiment. 
 DC current AC current Frequency 
Stack 1 20 A 0 A (0%) - (pure DC) 
Stack 2 20 A 15 A (75%) 100 Hz 
Stack 3 20 A 7.5 A (37.5%) 20 kHz 
    
 Humidity Stoichiometry 
Cathode average: 61.5% @ 74°C 
input: 36%, output: 85% 
1.7 
Anode 70% (100% @ 66°C) - 
 
While the general degradation over time of all stacks has very much improved in this case 
(Figure 9), the polarization and EIS curves (not specifically shown in this case) appeared 
unremarkable again with regard to ripple influences, i.e. no significant differences between 
ripple-loaded and reference (pure DC) stacks could be identified also in this case. 
In summary for the three long term experiments the following can be stated: 
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Figure 10: Third long term test: terminal voltages of investigated 5 cell stacks. 
the test rig conditions could steadily be improved, finally achieving a general (not ripple-
caused) cell degradation in the typical range commonly known from various literature; an 
impact of ripples on long term cell performance could, even in the case of extraordinary 
ripple amplitudes, not be observed.  
5 Further Experiments 
As shown in [4], current ripples have diminishing impact on the electric output power of fuel 
cells. This effect was further investigated in the present study by variation of ripple 
amplitudes at different operating points of a two-cell stack. The first experiment was 
conducted at 20 A DC load; ripple amplitudes of 0.1 A, 0.5 A, 1 A, 2 A, 5 A and 10 A were 
superimposed at frequencies of 10 Hz, 100 Hz and 1 kHz. Measurements of stack output 
power were taken when a stable operation point arose. The electrical output power of the 
stack depending on ripple amplitudes – which were set in rising order in this case – at the 
given frequencies is shown in Figure 10.  It is conspicuous that besides the power decrement 
at increasing ripple amplitudes – known from, and explained by additional cell resistance in, 
[4] – a local power minimum occurs at very low amplitudes for all frequencies investigated. In 
alleviated form this phenomenon can also be observed at a lower DC operating point of 10 A, 
but there is no plausible explanation so far.  
6 Conclusion 
The influence of current ripples on long term degradation of PEM fuel cells was sys-
tematically investigated. Test stacks were exposed to synthetic current ripples of various fre-
quencies and extraordinary amplitudes for longer time intervals. In summary it can be stated 
that hints to an impact of current ripples on long term degradation of stacks could not be 
identified. In consequence, demands to inverter manufacturers to care for strict limitation of 
ripples in fuel cell circuits could be re-assessed, thus sparing cost and losses of filters. 
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Figure 10: Stack output power depending on amplitudes of ripples at different frequencies. 
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Simulation of Multiphase Transport Phenomena in PEMFC 
Involving Water Phase Change 
Munir Ahmed Khan, Jinliang Yuan, Bengt Sundén, Energy Sciences, Faculty of 
Engineering, Lund University, Sweden 
Proton exchange membrane fuel cells (PEMFCs) are energy units that convert the chemical 
energy of hydrogen-oxygen reaction into electrical energy. Since the conversion process is 
direct, PEMFCs are considered highly efficient and also zero-emission because of water 
being the only product of reaction. Due to this, PEMFCs have become a prime choice for the 
future low power requirements especially for vehicular and mobile systems. 
The candidacy of PEMFC has yet to be proven as some of the old time hurdles still persist 
and need to be corrected in near future. Water management is one of the old timers that still 
need a deep insight. Nafion™ is one of the commercially available membrane materials and 
the working is highly water dependant (the details can found in Larminie and Dicks (2003) 
[3]). Higher water content gives higher proton conduction but this advantage is not a 
standalone effect as higher water content may block the active sites in the catalyst layer (CL) 
and gas passages in the porous transport layer (PTL). Since a PEMFC is a multi-disciplinary 
device with many phenomena working in line, in order to understand the water management 
and to arrive at a conclusive point for the working point of PEMFC, all the transport 
mechanisms need to be simulated simultaneously. 
In this study, a repeating section of cathode side with interdigitated flow field has been 
chosen for simulations. The interdigitated flow field has an added advantage to prevent water 
flooding, Nguyen (1996) [4], in PEMFCs. The reasons for selecting only the cathode side are; 
1. Oxygen reduction reactions occurring at the cathode have slow kinetics and 
determine the overall reaction rate. 
2. Water is produced at the cathode side due to electro-chemical reactions. 
3. Water is used as a proton carrier in the membrane and each proton drags (electro-
osmotic drag) from one to five water molecules, Zawodzinski et al. (1993) [8] and Ren 
and Shimshon (2001)[5], further aiding the flooding of cathode. 
Due to the reasons explained above, cathode of PEMFC is critical in determining the overall 
performance and deep understanding is required for optimization if PEMFCs are to be used 
as alternate energy sources in near future. 
As stated earlier, due to coupling of physical phenomena in PEMFC, the equations employed 
in this study are mass continuity and momentum, two-phase flow, two-phase temperature 
and two-phase current. Previously, a good number of PEMFC models have been proposed 
by many authors looking at different details e.g., effects of catalyst structural parameters by 
Sun et al. (2005) [6] and detailed transport mechanism and parametric optimization of fuel 
cell design by Yu et al. (2009) [7], but, both models lacked in completeness as the former 
model was single phase flow and the later one is isothermal model. In present study all the 
details of working of cathode have been modeled so that an effective conclusion can be 
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drawn for optimal performance of PEMFC. The model equations developed for this study 
were solved simultaneously and iteratively. The equations were discretized using a finite 
volume method (FVM) and implemented as user defined functions in commercial CFD code. 
The solution was considered to be convergent when the relative error in all parameters was 
equal to or less than 10-6. More discussion on the governing equations, boundary conditions 
and sources terms can be referred to Khan (2009) [2]. 
Figure 1 shows the concentration level of liquid water in the fuel cell cathode side for the two 
current densities. The concentration level of liquid water at the inlet and the outlet of the 
domain is zero because; 
1. Both inlet and outlet are considered as infinite sink for liquid water. 
2. At the inlet, the partial pressure of water vapor is less than saturation pressure for 
condensation. 
The concentration of the liquid water increases gradually in the porous transport layer by 
reason of more and more electro-chemical reactions which in turn increases the partial 
pressure of vapors for condensation and also there is influx of water at membrane/catalyst 
interface. The concentration for a specific current density is highest in the center of catalyst 
layer and this is because of the selected boundary condition types for liquid water. By 
comparing the saturation levels for different operating conditions i.e., current densities, the 
saturation level of PEMFC operating at higher current density is more as compared to low 
current density. This difference in saturation level is due to more electro-chemical reactions 
occurring and higher proton migrations. 
The important parameter related to water presence (both liquid and vapor) in PEMFC is the 
membrane phase conductivity i.e., proton conduction of the supporting material to complete 
the electro-chemical reactions at the cathode. In this work, the potential difference between 
catalyst/membrane interface and the local potential in the catalyst layer has been considered 
as the driving force for proton immigration. The governing relation for the water activity 
incorporating both states of water is provided by He et al. (2009) [1] in which water activity is 
the product of relative humidity of gas phase and the liquid water saturation. Comparing the 
trends given in Figure 2, it can be observed that higher conductivity is offered for higher 
current density because of excess production of water, while at lower operating levels and 
because of less water production (rate of electro-chemical reactions is small), the 
conductivity is quite small and demanding the need of external provision of water to the 
domain. In this study the inlet humidity of 50% has been used to simulate the scenario. The 
power density for the fuel cell is also a function of operating currents. As the current density 
is increased, the power density also increases until the mass limitation effects are too much 
to cause a sharp decrease in the power density as can be seen in Figure 4.  
Trends of higher membrane conductivity and maximum power density (Figure 4) at higher 
current densities suggest PEMFC operation at higher current densities. But as can be seen 
in Figure 3, potential wasted in deriving the electro-chemical reactions at higher current also 
increases depicting higher losses and also the liquid water effect (saturation) becomes more 
prominent as shown in Figure 4 where the present model curves deviates from the results 
produced by Sun et al. (2005) [6] which is a single phase model. 
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On the basis of above discussion, it can be concluded that although maximum power and 
membrane phase conductivity occur at higher current densities, it’s not feasible to operate 
PEMFC at those levels because of increase in losses and water saturation effects. The only 
adverse effect by operating the PEMFC at lower currents is the dryness of membrane that 
can be effectively tackled by humidifying the inlet supply. 
 
Figure 1: Liquid water saturation at (a) 0.2 and (b) 0.8 A/cm2. 
(a)  
(b)  
 
Figure 2: Membrane phase conductivity at CL/PTL interface for different current densities. 
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Figure 3: Driving voltage for electro- chemical reactions at CL/PTL interface. 
 
Figure 4: Polarization curve for PEMFC. 
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Dynamic Modeling of the Water Balance in the Cathode 
Gas Diffusion Layer of Polymer Electrolyte Fuel Cells 
Daouda Fofana, Kodjo Agbossou, Yve Dubé, Jean Hamelin, Institut de recherche 
sur l’hydrogène, Université du Québec à Trois-Rivières, 3351 boul. Des Forges, 
Trois-Rivières (QC), Canada 
Development of PEMFC for use as a portable devices like mobile phones, computer note-
books, digital cameras, etc and transport devices are receiving more coverage in recent 
research due to their low cost-per kW, fast start-up, lower operating temperature and zero 
pollution. The operation in these applications is generally dynamic. So the development of 
dynamic models is highly important. During fuel cell operation, management of water 
produced is crucial to enhance PEMFC performance. Generally, water is produced at the 
cathode/membrane interface due to the electrochemical reactions. Also, due to the 
humidification of gas at the anode and cathode inlets to supply water to the membrane, 
condensation takes place in the gas diffusion layer (GDL) preventing the diffusion of gas to 
the reactive sites. The lack of gas in the reactive sites increases diffusion loss, and leads to a 
decrease of the cell voltage. So its water-transport characteristics must be studied in order to 
reduce potential loss, flooding and enhance PEMFC performance. 
The continuity equation (or mass conservation) which describes the change of mass con-
centration of i  with respect to time at a fixed point in x direction of porous medium due to the 
motion of i  and chemical reactions producing i  is give by the concept mathematical of 
equation [1,2]: 
0 (1 ) i i
i
s P N R
RT t x
ε − ∂ ∂
+ =
∂ ∂
 (1) 
The quantity 0 (1 )sε −  represents the volume occupied by gas species in the porous medium.  
The source or sink terms iR  is the rate of generation or consumption of species i .   
When water is present in the GDL, transport in the porous electrode is induced by capillary 
force and gas flow-driven shear force. The governing equation for liquid water can be 
expressed as [1,2]: 
0
w
w w w
Ns M R
t x
ε ρ ∂∂ + = −
∂ ∂
 (2) 
Where wρ , wM  , wN  and  wR   are density, molecular weight of liquid water, molar flux of 
liquid water and the interfacial mass-transfer rate of water between liquid and water vapour 
respectively. 
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The electrochemical kinetics is governed by the Voltmer-Butler equation, and since the 
cathode kinetics is sufficiently slow, it can be expressed by Tafel kinetics, i.e in the form [1,2]: 
2
20
(1 ) exp
O
cons c
c cO
ref
P FI s a i
RT C RT
α η⎛ ⎞= − −⎜ ⎟⎝ ⎠  (3) 
Where the factor  (1 )s−  represents the reduced surface area due to liquid water that covers 
the active reaction sites.,  0i  the exchange current density, ca  the reactive surface area, 
2O
consP  the gas pressure of local oxygen, 2
O
refC  the reference oxygen concentration , η  the 
cathode overpotential and cα  the transfer coefficient for oxygen reduction. 
The schematic illustration of capillary pressure cP  and gradient /cdP ds  are represented in 
fig.1. The capillary pressure is defined as the difference between gas and liquid-phase 
pressures. It interesting to note that the gradient /cdP ds  is not constant in the range of 0 and 
1 of saturation. In order to bring out the variation of /cdP ds  we represented from saturation 
of liquid water in GDL the graph of capillary pressure cP  and the gradient /cdP ds  fig.2.  The 
absolute valued of capillary pressure is higher at the GDL/membrane interface where 
saturation is higher than the GDL/ channel interface. It is interesting to note that the gradient 
of capillary pressure which is responsible for driving force for liquid water flow is confirmed. 
Furthermore, the gradient /cdP ds  which has most time taken as a constant [3-5] to reduce 
mathematical difficulty or to take into account the assumption of low saturation is not 
constant. The main conclusion of these studies is the assumption of gradient 
/cdP ds constant should be used for uniform saturation or very low saturation but when 
saturation can be varied in the range of 0 and 0.8  this assumption can not be used.  
In order to study the effect of condensation on the polarisation curve, we allowed conden-
sation in fig.3 at pressure of 325 kPa.  This figure shows the polarizations curves of fuel cell 
for both condensation and without condensation on GDL at 100% of relative humidity. It can 
be seen in this figure that the dynamic polarization curve without condensation is better than 
the polarisation curve with condensation before purge. When water vapour condenses in the 
GDL, liquid water is produced and reduces the volume available for diffusion. The 
concentration or pressure of reactant decreases at electrochemical reaction sites resulting in 
low voltage as it can be seeing in fig.3. The increase of liquid water is related to saturation 
increase which in return increases the activation overpotential due to relation between them. 
Fig.4 presents the study state profile of cell voltage with control of condensation phase. The 
main reason for this decrease in performance is due to the fact that gas pressure at inlet is 
still constant so that the pressure or the concentration of oxygen decreases with the distance 
before reaching the DGL/membrane interface and also the liquid water condensed in GDL. 
The poor concentration of oxygen at the interface and the liquid water condensed reduce the 
electrochemical reaction rate and also the cell performance. 
The model results reinforce some important points such as GDL, condensation effect, 
evaporation effect on fuel cell behaviour. The condensation of liquid water affects fuel cell 
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performance by reduced the voltage magnitude. The liquid water saturation level 
accumulates at the interface GDL/membrane is responsible for such situation than that in 
GDL due to the small thickness of GDL The gradient /cdP ds  depends strongly on the range 
of saturation. It should not be taken as a constant for large range saturation. The non-linear 
equation of liquid water should be resolved for dynamical model without assumption of 
constant gradient /cdP ds .  
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Figure 1: Graph of Capillary pressure cP  and gradient /cdP ds . 
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Figure 2: Schematic representation of cP  and /cdP ds  at (1):60 s,(2):100 s and (3):136 s. 
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Figure 3: Effect of condensation on polarization curve of fuel cell at 325 kPa with 
condensation and without condensation at relative humidity (RH) of 100%. 
0 1 2 3 4 5 6 7 8 9
0.7
0.8
0.9
1
Time (min)
C
el
l v
ol
ta
ge
 (V
)
 
 
With condensation 
without condensation 
Figure 4: Steady state profile of cell voltage with condensation phase control (GDL thickness 
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A Two-Fluid Model for Water Transport in a PEM Fuel Cell 
Hans-Wilfried Mindt, ESI-GmbH, Germany 
Kunal Jain, Chaitanya Bapat, ESI US R&D Inc., Huntsville, AL 35806, USA 
J. Vernon Cole, CFD Research Corporation, Huntsville, AL 35805, USA 
1 Introduction and Significance 
Proton Exchange Membrane Fuel Cells, PEMFCs, are a promising alternative energy system 
for a number of applications including automotive and stationary power. 
Water management in low temperature PEM Fuel Cells is highly important because of the 
inherent conflicts between the requirements for efficient low and high power operation.  
Particularly at low powers, adequate water must be supplied to establish and maintain the 
membrane humidification for adequate protonic conductivity or resistance losses will 
decrease the cell efficiency.  At high power density operation, more water is produced at the 
cathode than is necessary for membrane hydration. This excess water must be removed 
effectively or it will accumulate in the Gas Diffusion Layer (GDL) and block the pathways for 
reactant transport to the catalysts, introducing mass transport losses and potentially 
“flooding” the electrode.  As power density of the cells is increased to meet the needs of the 
transportation sector, the challenges arising from water management are expected to 
become more difficult to overcome simply due to the increased volumetric rate of liquid water 
generation.  Such water management problems are critical for most PEM fuel cell 
applications. Thus, effectively addressing water management based issues through modeling 
and experimentation is a key challenge in successful application of PEMFC systems. 
Despite the fact that accurate prediction of two-phase transport is critical for optimizing water 
management in PEMFCs, the understanding of the two-phase transport in fuel cells is still 
relatively poor. Wang et al. [1,2] have studied the two-phase transport in the channel and 
diffusion layer separately using a multiphase mixture model. The model fails to accurately 
predict saturation values for high humidity inlet streams. Nguyen et al. [3] developed a two-
dimensional, two-phase, isothermal, isobaric, steady state model of the catalyst and gas 
diffusion layers. The model neglects any liquid in the channel. Djilali et al. [4] developed a 
three-dimensional, two-phase, multicomponent model. The model is an improvement over 
previous work, but neglects drag between the liquid and the gas phases in the channel. To 
enable model-based design and optimization of PEM fuel cells, given that proper water 
management is a key challenge for PEMFC systems, models must address a broad range of 
conditions including operation with significant liquid water in the channels as droplets or 
films.  This work represents an effort to address the common deficiencies of previous model 
formulations, introducing a more general multiphase flow model that can serve as the basis 
for a design tool addressing water management.   
2 Model Formulation 
The model formulation presented is a general form for the Eulerian two-fluid model with 
extensions to address transport in porous media.  After introducing the governing equations, 
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constitutive models for interphase momentum transfer are given and the discretization 
techniques used within this work are presented. 
Governing Equations 
Anderson and Jackson [5] and Ishii [6] derived the multiphase flow equations from first 
principles by volume averaging the point equations. The key difference between the two is 
the treatment of fluid-droplet traction term. van Wachem et al. [7] have shown that Anderson 
and Jackson’s formulation [5, 8, 9]   is more appropriate for a dispersed phase consisting of 
solid particles and that Ishii’s formulation [9,10] is more appropriate for a dispersed phase 
consisting of fluid droplets. Since the multiphase flow in fuel cells consists of liquid droplets 
and films interacting with air, we have chosen Ishii’s model for this work, -using averaged 
continuity and momentum equations in an Eulerian framework. 
Fluid-Solid Momentum Transfer  
The drag force exerted on a fluid phase by the solid phase of a porous media is given by a 
generalized form of Darcy’s Law,  
Fluid-Fluid Momentum Transfer 
The drag force between two fluids with an interphase transfer coefficient is derived by 
assuming that one phase is in the form of droplets or bubbles dispersed in the  continuous 
phase. 
In this work, we used the Morsi and Alexander model for the drag function [8, 12] which is 
based calculated using the drag coefficient and the local value of the relative Reynolds 
number.  
Capillary Pressure in Porous Media 
Will be treated as a body force applied to the liquid phase within porous media, and the 
saturation will therefore correspond to the liquid phase volume fraction [13,14].  
Discretization:  
The discretization is based on a standard finite-volume method.   
InterPhase Coupling Algorithm.   
The drag force for each phase introduces a term depending on the velocity of the other 
phase into the momentum equations.  At higher slip velocities, an implicit treatment of this 
term is critical for obtaining convergence. The two commonly used approaches are the 
Partial Elimination Algorithm, PEA, [15] and Simultaneous solution of Non-Linearly Coupled 
Equations, SINCE, (16). The main advantage of SINCE is the relative ease of extending the 
algorithm to more than two dynamic phases [17]. However, this comes at a cost of reduced 
implicitness/convergence. Since fuel cells can be adequately described using two dynamic 
phases, liquid and gas, the PEA was chosen for this work. 
Continuity Equation 
SIMPLE-type methods recast the continuity equation into a pressure-correction equation, the 
solution of which then provides corrections for velocities and pressures. This work has been 
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adapted to used SIMPLEC [18] algorithm. However, in the two-fluid model, the presence of 
two phasic continuity equations provides an additional degree of freedom and more 
complications. Numerical difficulties can arise in the case of large density differences 
between the fluids, since the continuity equation residuals of the phases would differ by 
orders of magnitude. The residuals of the denser fluid will then induce false, spurious, 
corrections in the velocity field for the low-density fluid. To address these issues, the general 
approach is to form a mixture continuity equation by linearly combining the phasic continuity 
equations using appropriate weighting factors. In our work, we will investigate using the 
densities of respective phases as the weighting factors.   
Phase-Fraction Equation  
We followed the approach of composite solution of both phase-fractions mentioned in Vaidya 
et al. [19]. This approach is based on Carver [20, 21] and derives an equation for the phase 
fraction by taking the difference of the density-weighted continuity eqations.  
Solution Algorithm  
The most common iterative alogrithm for solving two-phase Momentum and Mass 
Conservation equations in a segregated finite volume pressure-based framework is the 
Interphase Slip Algorithm. The algorithm is an extension of Patankar’s SIMPLE algorithm [22] 
and can be summarized as follows: 
1.  Guess a pressure field P*. 
2.  Solve the discretized momentum equations for each phase. 
3.  Solve for the pressure correction equation. 
4.  Update the pressure and velocity components. 
5.  Solve the composite equation for phase volume fraction. 
Steps 1-5 are repeated till convergence. The system of equations and the solution algorithm 
presented in the previous sections were implemented into a commercial CFD code (CFD-
ACE+) [11].  The linear equations were solved using either a Conjugate Gradient or an 
Algebraic Multigrid solver.  
3 Results and Discussion 
The two-fluid model formulation has been implemented and evaluated for simulation of two-
phase flows relevant to fuel cell analysis. The benchmark model cases for measuring 
accuracy and robustness was the predicted phase-fraction profiles obtained by Oliveira et al. 
[23] for the development of stratification of two fluids with different densities. 
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Figure 1: Alpha contours for stratification for 2d channel case. 
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Figure 2: Liquid fraction, 
alpha, contours for a 
U-bend (2d) case. 
Figure 3: Comparison of predicted and measured 
pressure drops for two-phase flow in an 
annulus, documented by Dillon [24]. 
Two-Phase Transport in Porous Media 
The fluid-solid momentum transfer implementation was verified by comparison of predicted 
pressure drops during one-dimensional, two-phase, flow through porous media with the 
corresponding analytical solutions, -described in the characterization studies of Nguyen [25]. 
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Figure 5: Comparison of predicted capillary 
pressure and the analytical value as 
a function of volume-averaged 
saturation. 
A saturation gradient is present at the water reservoir – porous media interface, due to the 
unity liquid phase fraction in the water reservoir.  This gradient increased the local value of 
the capillary pressure at that interface, and caused an over-prediction of the capillary 
pressure at the volume averaged saturation level.  This deficiency of the implementation will 
be addressed in future work. 
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Hydrogen Distribution Infrastructure for an Energy System: 
Present Status and Perspectives of Technologies 
Françoise Barbier 
Abstract 
Hydrogen as a clean energy carrier (its use produces no CO2 emissions) offers effective 
solutions for a secure energy supply and a clean environment. To make hydrogen readily 
available, a hydrogen infrastructure allowing for its convenient distribution to end users is 
essential. The choice of relevant modes of hydrogen transport and distribution from the 
production plant is therefore critical. Safe, cost-effective, and energy-efficient solutions are 
needed. Factors such as the degree of hydrogen penetration, the environmental 
performance of the different pathways, and geographic parameters will influence the 
infrastructure deployment. Advances in delivery technologies will allow the existence of a 
transition infrastructure to support the commercial introduction of fuel cell vehicles and 
hydrogen stations. In this chapter, an overview of the distribution technologies already 
mastered by gas companies such as pipelines, gaseous trailers, and cryogenic trucks is 
given, with insights into costs, advantages or disadvantages, and advanced solutions. 
Further, supporting technologies such as compressors, pumps, and hydrogen quality 
requirements for fuel cell applications are presented. The large-scale storage to regulate 
hydrogen consumption and production is discussed. Finally, recent progress in refueling at 
filling stations is presented. 
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Challenges with the Largest Commercial Hydrogen Station 
in the World 
Thomas Charbonneau, Pierre Gauthier, Air Liquide Canada 
Abstract 
This abstract’s objective is to share with the participants the story of the largest hydrogen 
fuelling station made to this date and to kick-start the story, we will cover the challenges; first 
the technical ones; the operational ones; the distribution ones and; the financial ones. We will 
then move on to review the logistic (geographic) issues raised by the project and conclude 
our presentation by sharing the output values of the largest fuelling station built so far in the 
world. 
1 The Challenges 
First and foremost the challenges were linked to the transit operator technical specifications, 
the station needed to be installed and permitted in a city that did not have any experience 
with hydrogen before, it also needed to fill one transit bus (46 kgs) in less than 10 minutes, 
an equivalent of the time taken by current operators to fuel a diesel bus. Product quality was 
also important, the quality of the product at the nozzle needed to meet the SAE J2719 
specifications despite the fact that the SAE specification was not going to be finalized and 
approved as a standard for another 4 to 5 years. The station needed to be available 99.9% of 
the time and provide transfers at 350 bars in a safe manner, training for operators and 
drivers was not to take more than 2 hours to familiarize them with the safe fuelling of a bus. 
Intelligent redundancy became more and more important during the design stage of the 
station. 
 
 
Figure 1: Whistler refuelling station design. 
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On the operational challenges, hydrogen as a fuel was to be as user friendly as diesel, 
therefore fuelling of the fleet needed to take place in any three-hour window, i.e. 18 
consecutive fills in 3 hours or less. Use of the dispenser was to be as easy as any other 
refuelling experiences and ID verification, pre-fuelling steps and ID recognition needed to be 
as easy as swiping an RFID tag in front of the reader. One could appreciate the fact that 
moving 20 buses in a yard early in the morning or late at night could be a logistic nightmare, 
it is more important to ensure the flow of hydrogen vehicles going to the fuelling station is 
constant in order to reduce any potential product losses at the station. 
Canada being a large country, we also had to solve distribution challenges as the liquid 
hydrogen trailer was to travel 4500 kilometres between the liquid plant and the fuelling 
station site. Ensuring timely deliveries, back-up plans in case of road restrictions, road 
accidents and weather conditions became a very important element of the fuelling station 
uptime. A back-up plan was carved, intelligent redundancy developed, remote monitoring 
and operating of the station implemented, a larger than required storage was also 
implemented ensuring complete autonomy for the 2010 Olympics. The Olympics and the 
security surrounding them added one more level of difficulty to the overall distribution issues 
identified, restricted access during the Olympics, additional security checks, additional 
volumes of passengers, unknown bus usage data, etc. all these helped produce more 
sleepless nights. 
 
 
Figure 2: Liquid hydrogen delivery to Whistler refuelling station. 
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The financial challenges of the project were to ensure alignment of pre-project estimates 
versus the hard spent construction costs, commissioning costs, babysitting costs during the 
Olympics and distribution costs. The fuelling station needed to be a win-win project, allowing 
the transit operator to reap the benefit of the new technology and its fuel cell efficiencies 
while the industrial gas supplier who took a lot of risks would see the project materialize on 
target as to construction costs. We are all aware that operating cost is the most important 
element of any transit operator, in the case of hydrogen fuel cell buses, we know that the 
efficiency of the fuel cell bus will be double the one of the diesel bus, it is therefore important 
to maintain the rest of the operating costs as low as possible or as close as possible to the 
current ones. Fuelling time and fuelling station downtime should be better or equal to what 
the transit operator experienced in the past. This is what we have managed to reproduce on 
the west coast of Canada. 
2 The Outcome 
After civil work preparation has been completed, the refuelling station construction was 
initiated in September 2009 and lasted for 2 months. After completion of commissioning, the 
first liquid hydrogen delivery took place on November 13th 2009 and the first filling event with 
a BCT bus occurred on November 16th 2009. 
Since busses were delivered to the site progressively, December and January were used to 
ramp up the normal operations. 
The official opening ceremony took place on January 22nd 2010 with the support of Whistler’s 
Mayor and the presence of the government of British Columbia, more than 100 people 
attended the event. 
 
Figure 3: Fuel cell busses line-up at Whistler refuelling station. 
Since the beginning of the project, the number of busses ramped up steadily up until a few 
weeks before the Olympics. During the Olympic Games, the busses were used in standard 
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transit operations and the users as well as the drivers enjoyed a quite ride producing zero 
emissions.  
Mid of April, the buses had travelled more than 275,000 kilometres and more than 1350 
fuelling events performed since the beginning of the project mid-November 2009. 
 
Figure 4: Whistler refuelling station data - Updated on April, 19th 2010. 
The drivers are all happy with the transition, the wash-bay operators, those who fill the buses 
every night do not see a huge difference between the diesel isle and the hydrogen isle in 
terms of speed or in terms of complexity, the buses are on the road and the passengers do 
not see any disadvantages, the noise level is way down in the bus, and the fleet of 20 buses 
will account for a reduction of green house gases in the neighbourhood of 1800 tons per 
year. 
Buses can be filled in less than 10 minutes, the whole fleet can be filled in less than 5 hours, 
a normal transit operation in Whistler is now running on hydrogen, another step forward for 
our industry.  
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Polymer Pipes for Distributing Mixtures of Hydrogen and 
Natural Gas: Evolution of their Transport and Mechanical 
Properties after an Ageing under an Hydrogen Environment  
Marie-Hélène Klopffer, IFP, France 
Philippe Berne, CEA, France 
Sylvie Castagnet, ENSMA, France 
Mathilde Weber, Air Liquide, France 
Gilles Hochstetter, Arkema, France 
Eliane Espuche, INSA Lyon, France 
Abstract 
With the development of hydrogen as an energy vector, its delivery and transport from the 
production site to the end user remains an issue. Indeed, the key challenge to overcome is 
the high hydrogen permeation through existing polymer infrastructures used for natural gas 
distribution (Polyethylene pipes, components as connecting parts). This high flow rate of 
hydrogen through polymer has to be taken into account for safety and economical 
requirements. This 3-year project investigates pure hydrogen gas and mixtures (20% CH4 - 
80% H2) in pipelines made of engineering polymers to develop and assess material solutions 
to cope with today problems for H2 distribution. Materials such as polyethylene (PE100) and 
polyamide 11 (PA11) have been studied. PE100 is considered as a reference material as it is 
used today in natural gas distribution pipes. PA11 should allow a higher operating pressure 
combined with better gas-barrier performances. Test benches and protocols for testing 
materials in terms of mechanical and barrier properties were first developed. The materials 
have then been studied in terms of barrier, mechanical properties and on a microstructural 
point of view. The properties of the raw material and samples after ageing in presence of 
hydrogen in various conditions were compared to assess the long term behaviour in service. 
These results as well as the comparison between PA11 and PE are presented. 
1 Introduction 
The project called PolHYtube is relative to the development and study of innovating materials 
for hydrogen distribution networks and benefits from a subvention of the French Research 
Agency. 
During this project, several engineering polymers have been characterized to assess if they 
are compatible with the specifications given by a major hydrogen producer, Air Liquide, set at 
the beginning of the project. The specifications have taken into account: 
 the conditions of service of the pipes (pressure, flow of gas required for the 
application, temperature, …) 
 the level of safety in term of hydrogen permeation through the polymer wall. In a first 
step, the target hydrogen permeation flow will be set equal or much lower than the 
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one of methane through polyethylene depending on the application. Polyethylene is 
indeed the reference polymer material for the distribution of a gaseous fuel 
 the durability of the polymer (cost and lifetime). 
In the framework of the project, the first two points have been investigated more precisely to 
assess materials suitable for 3 references scenarios that summarize different distribution 
pathways of hydrogen produced from a SMR or an electrolyser (higher service pressure) to 
filling stations, fuelling stations and public areas: 
 High pressure (15-30 bars) and a level of hydrogen permeation equivalent to the one 
of methane through HDPE (high density polyethylene)  
 Low pressure (4 bars) and high barrier to hydrogen (50 to 200 times lower than the 
one of methane through HDPE)  
 High pressure (15-30 bars) and high barrier to hydrogen (50 to 200 times lower than 
the one of methane through HDPE).  
2 Evaluation of the Materials Properties 
As a technical plastics producer, Arkema participates in this project and has provided some 
polymer materials. In particular, Arkema shared with the other partners it’s experience in 
developing polyamide 11 pipes for gas distribution in US. This allows the project team to well 
define the technical targets and specifications of the project (pipe diameter, pipe design (i.e. 
the thickness to diameter ratio), internal pressure). An important point to be taken into 
account is the extrudability of the preselected polymers and the long term property of these 
polymers. The aim of this work is to determine the hydrogen permeability of different 
polymers that could be used as alternative to PE in target pipeline and to understand their 
gas transport properties as a function of their structure and their crystalline morphology. The 
evolution of these properties after an ageing under a hydrogen environment was also 
studied.  
Two polymers were particularly studied: a polyethylene (PE XS10B from Total 
Petrochemical), that has been taken as the reference material, a polyamide (PA11, Rilsan TL 
from Arkema). 
To be representative of the target pipeline, the PA and PE samples we studied were taken 
from extruded sheets of 1mm thickness. The crystallinity index of each material was 
measured by DSC. It was equal to 60% for PE, 20% for PA11. 
3 Permeation Measurements  
Due to safety requirements, one of the main concerns about polymer pipes is their 
permeability to hydrogen, which may induce critical leakages of gaseous hydrogen. 
Permeation measurements were performed by IFP, CEA and INSA Lyon on unaged PE100 
and PA11 material samples in various conditions of pressure, hydrogen content and 
temperature.  
The experimental technique developed at IFP concerns gas or gas mixtures permeation 
through a polymer membrane or a pipe section, in a flowing stream of vector gas and 
detection by gas chromatography. In that kind of measurement, one or several diffusing 
species cross the polymer to reach an opened volume swept away by an inert gas stream. 
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This carrier gas fulfils its purpose by pulling the different molecules towards an appropriate 
detector measuring the present gas proportion. Then, it is possible to determine the intrinsic 
transport coefficients of each of the gases constituting the initial mixture. It allows 
determination of the permeability coefficients of pure gas in numerous polymers but also the 
permeability coefficients of gas mixtures, such as CH4-H2.[1, 2] Practically, many tests of 
permeability (> 70) were carried out during this study in order to identify the influence of four 
parameters: temperature (at least 3), pressure (5 and 20 bars), compositions of gases (pure 
CH4, 80% H2 – 20% CH4, pure H2) and polymer processing (pipe section and membrane). 
Most experiments have been carried out twice in order to evaluate the repeatability of the 
tests. 
As mentioned before, some permeation experiments were also carried out on PA and PE at 
INSA Lyon to validate the use of the experimental device, initially developed for the study of 
thin films, for these thick samples. Measurements were performed for all samples at different 
temperatures ranging from 10 to 40°C under a pressure gradient of 5 bars. The experimental 
values of permeability coefficients obtained for PA11 and PE were in good agreement with 
those measured by the other partners of the project (IFP, CEA) showing that the INSA 
equipment could be used for thick samples and that the various methods used to detect and 
quantify the diffusing molecules through the polymer are reproducible.  
As expected, permeability coefficients increase with temperature and are well represented by 
an Arrhenius law, that is to say that the plot of the logarithm of the permeability coefficient as 
a function of 1/T defined a straight line for each polymer. This is quite normal, because, in 
the temperature range studied, no transition temperature is associated either to the polymer 
or to the gases[3-5]. 
The H2 permeability coefficients decreased going from PE to polyamide. These results were 
closely related to the cohesive energy density of the amorphous phase in each polymer. 
Indeed, and as previously underlined, the crystallinity was higher for PE than for PA11 
whereas the barrier properties were higher for PA11 than for PE. By comparing the 
behaviour of the two single gases, one can see that the permeability of H2 is larger than that 
of CH4 whatever the considered temperature is and whatever the polymer is. On the other 
hand, no influence of the applied pressure could be detected in the studied range (5 to 20 
bars). Moreover, in the case of mixtures of H2-CH4 either with PE or PA11, no particular 
interaction could be noticed that is to say no mixture effect. Consequently, for a given 
temperature, each gas (either H2 or CH4) keeps its intrinsic permeability coefficient whatever 
the composition of the feed mixture is.  
4 Evolution of Permeability Coefficients with Ageing  
CEA-Grenoble was in charge of the ageing of polymer samples under various experimental 
conditions, which includes the following tasks: 
 ageing of polymer membranes and tubes by contact with hydrogen or with a 
hydrogen-methane (80-20%) mixture under controlled pressure (5 to 20 bars) and 
temperature (20 to 80°C) conditions, 
 monitoring of the permeation coefficient during ageing of the samples, 
 analysis of its variation in time. 
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The ageing cells have been designed to allow periodical permeation measurements during 
the ageing process. They comprise an upstream chamber that is continuously kept under the 
desired gas pressure and a downstream chamber that is normally open to the atmosphere – 
the sample, membrane or tube, being sandwiched between the two chambers. Permeation 
measurements are made on an average every second month. Whenever they are required, 
the downstream chamber is flushed with a neutral gas (helium or nitrogen) that transports the 
permeated gases to a gas chromatograph allowing detection and quantification of the 
hydrogen or methane flux through the sample. This technique is basically the same as the 
one used for the permeation measurements (previous section). It allows in situ measurement 
of the permeation coefficients without having to remove the samples from the ageing cells 
and to disrupt the experimental conditions[6]. Since the permeation coefficient has been 
found to be independent of pressure and gas composition, and its variation with temperature 
has been shown to follow Arrhenius’s law, the measurements are all converted to an 
equivalent of pure hydrogen at 20°C to allow comparison in spite of the various experimental 
conditions. 
A total of 17 membrane samples have been submitted to ageing and periodic monitoring for 
1 year. Eight small-diameter (8 mm) and eight large-diameter (32 mm) tubes are currently 
under study, with the objective of also reaching a duration of 1 year. 
Exploitation of the measurements on membranes has been made. The most important result 
is that the permeation coefficient is equal to 2.10-17 Nm3.m-1.s-1.Pa-1 for the PE membranes 
and 8.10-18 Nm3.m-1.s-1.Pa-1 for the PA11 membranes (at 20°C under pure H2), and that it is 
unaffected by one year of ageing, whatever the experimental conditions (see Figures 1 and 2 
relative respectively to PE100 and to PA11). Analysis of the available results for tube 
samples suggests that the same ratio exists between the permeation coefficients of PE and 
PA11 tubes and that they are also essentially unaltered by ageing. 
5  Mechanical Measurements and Evolution during Ageing 
Coupling between gas sorption and mechanics in polymers is bound to modify their 
mechanical properties and in-situ experiments are needed to characterize such a 
phenomenon and provide data for the design of industrial parts. However, when dealing with 
a hydrogen atmosphere, very few experimental works have been reported. Two possible 
effects of a hydrogen atmosphere on the tensile properties of polymers have been 
investigated in the present study, in polyethylene (PE), polyamide 11 (PA11): (i) a coupling 
effect between pressurized gas sorption and several aspects of the mechanical behaviour 
(tension, creep and ductile fracture), and (ii) the influence of long-term exposure to hydrogen 
on the tensile properties. Tensile, creep and ductile fracture tests have been carried out in a 
tensile testing machine fitted with a pressurized-hydrogen chamber displaying pressures 
from the ambient up to 400 bars. The gas chamber could be filled by nitrogen or hydrogen. 
Most tests were carried out at 30 bars, after thermal equilibration and gas saturation of the 
sample. 
It can be reasonably concluded that tensile properties are not affected by H2 diffusion into 
PE, even up to 100 bars. The same result stands for PA11 materials, for which the room 
temperature scatter appears of first importance compared to a possible hydrogen effect. 
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Static properties (modulus and yield stress) obviously depend on the nature of constitutive 
materials, but no more hydrogen effect is observed. The same conclusion stands for the 
creep behaviour of as-received PE and PA11. Creep tests performed at different 
temperatures show that the time-temperature superposition principle can be applied with 
similar shift factors, both in ambient air and pressurized hydrogen. In the same way, 
hydrogen environment was shown to have no noticeable effect on the ductile fracture of as-
received PE and PA11, as estimated from a short series of tensile tests in double-notched 
samples. 
After long-term aging up to 13 months in hydrogen atmosphere at various pressures (5 or 20 
bars) and temperatures (20°C, 50°C and 80°C) ranging below and above the glass transition 
of PA11 and the alpha-c transition for PE, no deleterious effect was observed on the 
mechanical properties of PE and PA11. Differences observed for PA11 essentially result 
from testing temperature variability close to the glass transition temperature. Consistently 
with the tensile properties, no significant evolution of the crystalline microstructure after 
ageing into hydrogen arises from DSC experiments. Again, the clearer effect is associated 
with the annealing temperature in PA11. 
 
Figure 1: Evolution of the H2 permeability coefficient in PE100 at 20°C as a function of ageing 
time. 
 
6 Conclusion 
On different experimental devices, the permeability coefficient of H2 through PE100 and 
PA11 has been determined in different representative conditions of the pipe life (pressure, 
temperature, hydrogen content, geometry of the sample). It was shown that PA11 presents a 
lower permeability to H2 than PE100, that the evolution with the temperature follows an 
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Arrhenius law and that no particular effect of the pressure or of the gas composition has to 
be noticed. Moreover, a good correlation of the measurements between pipe sections and 
discs samples was obtained which means that no influence of the polymer processing could 
be noticed.  
 
 
 
Figure 2: Evolution of the H2 permeability coefficient in PA11 at 20°C as a function of ageing 
time. 
 
But the most important point is that the effect of ageing under an hydrogen environment has 
also been studied. No evolution of the barrier properties of the PE100 or the PA11 system 
has been observed after more than one year of ageing in various conditions. The same 
conclusion stands for the aspects of the mechanical behaviour investigated here, i.e. tension, 
creep and ductile fracture, in both as-received and aged materials. 
The study will be completed by an economic assessment of the solutions developed in the 
framework of the project. 
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Automatic Refuel Coupling for Liquid Hydrogen Tank 
Trailers 
Michael Boersch, Fridolin Holdener, WEKA AG, CH-8344 Baeretswil, Switzerland 
1 Distribution of Hydrogen State of Technology 
Production of hydrogen is operated either directly on-site by consumers or by suppliers of 
industrial gases. To optimize the transportation it is required to compress or liquefy the 
hydrogen. 
For the distribution of liquid hydrogen in medium quantities to the consumers often special 
tank trailers are used. 
2 Current Solution in LH2 Trailers 
Normally the transfer of liquid hydrogen from a trailer to the customer tank is carried out by a 
manually operated and open unprotected coupling. 
Such couplings are of the Johnston type principle. Design characteristics are several coaxial 
pipes in defined cryogenic lengths resulting in a male and female part with a vacuum 
insulation and a pressure-tight connection between. 
However these devices are not ideal for the handling of liquid hydrogen. It is caused 
particularly by its limitation only to connect and disconnect the coupling in a pressureless and 
medium-free state. The procedure for a pressureless coupling and uncoupling with its 
subsequent operations (cooling, purging, warming and venting the line) requires significantly 
more time. This adds to the overall duration of the transfer operation from the distributors 
tank to the trailer and from the trailer to the customer tank. 
For instance the procedure of venting the line takes about 1 to 2 hours extra time. Moreover 
a large quantity of valuable hydrogen is lost during these operations. 
3 Approaches and Requirements of the New Design 
First solutions of semi-automatic Johnston couplings are known in WEKA’s standard 
programme since the 80th. But for application in LH2 tank trailers several more requirements 
have to consider. 
Most important specifications are: 
 L/GH2; 20…323 K 
 Design pressure 6 barg = 0.6 MPa 
 Manually connected; automatically coupling and decoupling 
 Inhibit leakage of L/GH2 
 Avoid entrapped air 
 Prevent impurities of medium  
 Minimize heat load  
 Shortest possible cryogenic length for compact design  
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 Disconnect without warming and venting procedure  
 Protect against faulty operation  
 Leakage detection  
4 Development of Prototypes 
In further development and as a part of several customer projects various coupling 
prototypes have been developed and optimized. 
WEKA’s technical solution allows an easy connecting and locking by hand as well as self-
acting coupling and decoupling action. The automatic and compact coupling is based on the 
Johnston principle it is however specially designed for the use with liquid hydrogen. 
So the function principle has been changed to avoid the necessity of the additional cooling 
and venting procedure. 
In a first step the male and female part are docked and secured hermetically tight. 
In the second step an actuated insert is automatically pushed in or retracted after the filling. 
Main components and features of the new coupling design are: 
 Pneumatic actuated ball valve on female part of the coupling opening to let pass the 
insert and closing just before the coupling will be disconnected and so to keep GH2 
inside. 
 Shut-off valve integrated in the female part; it opens and closes only if the insert is in 
service position. 
 Guiding and fixation unit to support easy handling and safety aspects. 
 Pneumatic linear actuators for automatically operated insert. 
 Control unit to assure correct activation of actuators and prevent faulty operation. 
 Leak gas return to limit pressure in GH2 filled volumes and recirculation into medium 
pipe. 
 Connections to test tank and LH2 feed tank. 
Special focus was put in to leak tightness, prevention of impurities and avoidance of wrong 
handling. Therefore the coupling is designed with a double seal to medium and to ambient 
with O-rings, spring energized plastic seal plus metallic bellow. 
The ball valve and pneumatic linear actuators are operated with a working pressure of 
6 barg…10 barg. 
Last but not least the optimal cryogenic length could be found with these prototypes. 
5 Prototype successfully tested in LH2 laboratory 
The prototypes have been successfully tested in a specialised laboratory at customer site 
with LH2 at cryogenic conditions. In result the hydrogen transfer has shown positive 
performance, no leakage could found and no unacceptable heat load was observed. 
Tests particularly have covered: 
 Cycles of coupling and uncoupling 
 LH2 endurance test 
 Leakage- and functional tests 
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6 Further Development and Outlook 
A follow-up project has been started for a coupling in DN25/PN12 however it is scalable up to 
DN50. 
The challenge here is the development of a robust coupling system with a large nominal size 
of flow nevertheless still light enough to be operated by one man. 
So the weight for the male part has to be less than 7.5 kg! 
Several approaches to meet these requirements are pursued: 
 Optimisation or substitution of metallic bellow, quick-acting closure, etc. 
 Weight reduction, cost minimising 
 Serial production 
 … 
Continuation of the development is in progress with several functional tests. Pre-serial 
models for the field testing are planned in 2010/11. 
7 Conclusion 
 Automatic fuel coupling reduces duration of LH2 filling significantly by a higher safety 
level. 
 Prototype with DN15 successfully tested. 
 Coupling and decoupling is possible with medium inside (GH2). 
 Nominal sizes up to DN50 = NPS 2” and nominal pressure up to 12 bar feasible. 
 Optimisation relating to handling, dimensions and weight still required. 
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icefuel® – An Infrastructure System for Cryogenic 
Hydrogen Storage, Distribution and Decentral Use 
Georg Markowz, Evonik Degussa GmbH, Germany 
Anett Dylla, Mensch-Marketing-Technik, Germany 
Tom Elliger, TUEV SUED Industry Service GmbH, Germany 
1 Background 
The rapidly growing worldwide energy needs and the diversification of the energy mix with an 
increasing share of renewable energies are challenging the existing energy infrastructures. 
At present, central grids dominate worldwide energy supply and distribution. More flexible 
solutions are required, especially those that integrate renewable energies more efficiently. In 
the case that larger energy quantities have to be stored, hydrogen has, in spite of losses 
during production and reconversion to electric power, a high potential as universal and clean 
secondary energy source [1-3]. Numerous demonstration projects worldwide already address 
this kind of chemical energy storage [e.g. 4, 5]. In most cases hydrogen is stored in the 
gaseous state under pressure at ambient temperature and reconverted to electricity close to 
the point of hydrogen generation. The transition to liquid hydrogen (LH2) promises - despite 
the additional liquefaction effort - efficiency advantages for the storage, distribution and 
decentralized reconversion of the hydrogen into electricity, heat and cooling energy. 
2 icefuel® Concept 
icefuel® (integrated cable energy system for fuel and power) is a flexible system for energy 
storage, distribution and decentral reconversion. The concept is based on the production and 
liquefaction of hydrogen to buffer large quantities of excess electricity, preferentially from 
fluctuating renewable energies like wind and solar power, thus facilitating the equilibration of 
power generation and demand at high shares of renewable energies. A concept schematic is 
shown in Figure 1. 
Thus, the icefuel® system should be quite easily installable in addition to existing 
infrastructures. To keep installations costs low, it would be favourable to apply the concept to 
areas with high utilization densities. 
The cryogenic hydrogen (< -233 °C) is distributed through a grid of superinsulated pipes. 
Due to its high specific energy density and low viscosity pipes with relatively small pipe 
dimensions are adequate. For example, a pipe diameter of less than 20 mm is sufficient to 
convey an energy flux of 10 MW over a distance of 10 km (based on lower heating value - 
LHV - of the hydrogen). Such pipes can principally be coiled. Being equipped with an 
appropriate superinsulation, the pipes could be laid like conventional underground cables 
(see figure 2). Ideally, the insulation material and handling should be adapted to cable 
manufacturing processes to allow for integration of other functionalities like power and data 
cables or optionally for a liquid nitrogen (LN2) heat shield (see figure 3). 
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Figure 1: icefuel® schematic. 
 
 
Figure 2: Vision for icefuel® cable laying. Figure 3: Example schematic for 
an icefuel® cable. 
The electric efficiency of hydrogen based storage technologies (i.e. electricity via hydrogen 
back to electricity) is in general quite low (< 40 %). Conveying hydrogen to stationary end 
users enables combined heat and power production, thus, increasing the overall energetic 
efficiency significantly. Nevertheless, such an infrastructure concept should be combined 
with appropriate storage technologies covering short term charge and discharge needs. 
icefuel® is open for such a combination with other storage technologies. 
3 Development project: Objectives, partners and achievements 
In July 2006 a development project, funded by the Federal Ministry of Education and 
Research (Germany), was started. The objective was to gather fundamental and 
experimentally proven data about the technical feasibility of the icefuel® system. Since the 
cable is the key element in that infrastructure, the project focused on the cable design, 
manufacturing and testing as well as safety considerations regarding the transport of LH2 in 
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cables. Due to the relatively small pipe dimensions, micro system technology concepts were 
included to provide solutions for heat exchangers, sensors and actuators. 
The following partners were involved in the development project: 
 DLR (German Aerospace Institute, Cologne) 
 Evonik Degussa GmbH (Hanau) 
 EWE AG (Oldenburg) 
 IMM (Institute for Micro Technology, Mainz) 
 KIT (Karlsruhe Institute of Technology, Karlsruhe); Institute for Micro Process 
Engineering (IMVT) 
 KIT (Karlsruhe Institute of Technology, Karlsruhe); Institute for Nuclear and Energy 
Technologies (IKET) 
 LEONI AG (Nuremberg) 
 MMT (Engineering Office, Alzenau) 
 TUEV SUED Industry Service GmbH (Munich) 
 ZAE (Bavarian Centre for Applied Energy Research, Wuerzburg) 
3.1 icefuel® cable 
To allow for transport distances of up to 10 km the unavoidable heat fluxes into the pipe 
during operation with LH2 should be kept below 1 W⋅m-1. Compared to conventional district 
heating pipes this requires two orders of magnitude higher insulation performance. Thus, the 
major development challenge for the cable and its insulation material was to combine the 
excellent insulation properties with a continuous processability. 
After a broad screening of materials, designs and processing technologies finally a concept 
was identified and successfully tested on various cable samples at lengths of tens of meters. 
The concept allows for continuous manufacture of mechanically flexible, endless-type pipes 
(see figure 4). Other functionalities have not yet been realized in the cable, but could be 
integrated quite easily. 
                  
Figure 4: icefuel® cable sample (outer diameter: ca. 40 mm; max. transport capacity: 100 – 
200 kWLHV; LEONI, Nuremberg). 
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3.2 Infrastructure components 
Micro structured heat exchangers (characteristic channel dimensions: 200 to 400 µm) 
generally exhibit several potential advantages for heat transfer applications with and without 
phase changes and especially in the context of the icefuel® infrastructure. First, heat transfer 
is very efficient which is of particular interest at low temperature gradients and very low 
temperatures (such as for LH2). Secondly, the hydrogen hold-up of micro heat exchangers is 
very low increasing the control dynamics as well as reducing potential hazards from 
leakages. A special challenge in the design results from the extreme physical properties of 
hydrogen (especially viscosity and interfacial tension) in the cryogenic state. Figure 5 shows 
various Micro Heat Exchangers that were developed and successfully tested on processing 
of hydrogen at different temperatures. 
     
Figure 5: Various micro heat exchangers being developed for cooling, heating or other 
processing of hydrogen (IMVT, Karlsruhe). 
Since LH2 has a specific exergy of more than 10.000 kJ⋅kg-1 recovering at least some of that 
potential technically would be worthwhile to improve energetic efficiencies as well as system 
economics. Different technical alternatives for exergy recovery were investigated and 
identified, such as liquefaction of nitrogen which could be used as a cooling shield (see figure 
3). Another way is to implement thermoelectric generators into heat exchangers designed for 
the LH2 heat up prior to its utilization. So far, only few thermoelectrically active materials 
have been investigated for cryogenic applications. Figure 6 shows a micro structured heat 
exchanger equipped with a thermoelectric generator on the laboratory scale. The working 
principle has been tested and demonstrated successfully using liquefied nitrogen (-196 °C). 
 
Figure 6: Lab scale micro heat exchanger equipped with a thermoelectric generator (DLR, 
Cologne and IMVT, Karlsruhe). 
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3.3 Miniplant 
A miniplant has been designed and erected at the Institute of Micro Technology in Mainz 
(see figure 7). The objective is to test components that have been developed during the 
project, especially cable samples, on the technical scale and to provide scalable data for 
later field tests. Overall, four cable samples were successfully tested. Hydrogen throughputs 
(calculated as energy flows) are in the range of up to 30 kWLHV. 
The tests confirmed insulation performance results previously determined at the Bavarian 
Centre for Applied Energy Research (Wuerzburg) on the lab scale. Thus, specific heat inputs 
into the cable samples could be kept at ca. 1 W⋅m-1 during operation with LH2. 
 
Figure 7: icefuel® miniplant at IMM (Mainz). 
3.4 Safety assessment 
Safety related consequences of cryogenic hydrogen releases from icefuel® cables were 
investigated both theoretically and experimentally in depth. The work focused on unconfined 
sonic hydrogen jets from small breaks without and with early ignition at different 
temperatures down to 30 K (see for example figure 8).  
 
  
Figure 8: Pictures from cryogenic hydrogen releases before (left) and after (right) ignition 
(IKET, Karlsruhe). 
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Thermal loads, pressures as well as sound levels have been investigated for different 
parameters and compared to known limits for humans. All mechanical loads observed were 
uncritical. Investigation of thermal loads didn’t show higher risk potential than for other 
energy carriers (e.g. natural gas, gaseous hydrogen). Overall, applying adequate technical 
and administrative safety measures would enable the safe operation of an icefuel® 
infrastructure. 
3.5 Regulations, codes and standards 
The TUEV SUED Industry Service (Munich) assessed different ways for approval of an 
icefuel® infrastructure. Currently, none of the existing regulations would be directly 
applicable. Based on the results in the safety investigations at IKET a newly to be defined 
regulation under the roof of the German Energy Industry Act is considered to be most 
promising. However, for the purpose of field tests, which are planned for a next development 
phase, existing regulations would still be applicable. 
3.6 System economics 
Assessment of the overall system economics at the current state of development is difficult 
since many system components (e.g. electrolysis, liquefaction, fuel cells) are still far from 
being technically and/or economically optimized. However, some qualitative statements can 
be made. As mentioned at the beginning, hydrogen is likely to play a major role in future 
energy infrastructures with high shares of renewable power despite the relatively low electric 
efficiency of the storage process. The questions will be how to store hydrogen and – in case 
of stationary utilization – how/where to reconvert it to electricity. The higher the amounts of 
energy to be stored (or: the longer the periods of time with excess or shortfall of renewable 
energy) the more attractive the storage of hydrogen as LH2 will be. Decentral utilization of 
hydrogen makes it easier to realize combined heat and power production. The worth of the 
co-generated heat depends on the alternatives for heat generation. Finally, several additional 
optimization potentials in an icefuel® system could be realized such as integration of 
superconducting wires into the icefuel® cable or utilization of the cold form the LH2 at the 
point of use. 
4 Outlook 
Based on the successful developments the project partners currently assess different 
alternatives for testing the icefuel® system on the field scale. Development activities in that 
context will include further hardware components such as junctions, sensors and actuators. 
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Enabling the Hydrogen Infrastructure – Waste Hydrogen 
Utilization in North Rhine-Westphalia 
Boris Jermer, Carsten Krause, HyCologne – Hydrogen Region Rhineland, 
Germany 
In the Rhine-Area around Cologne and other parts of NRW, big resources of hydrogen as a 
by-product from the chemical industry are being produced and not fully utilized [1]. A study 
conducted by Wuppertal Institute and Research Centre Jülich [2] focussed on assessing 
likely trajectories of emerging energetic demand for hydrogen in NRW, analysing the current 
availability of hydrogen from industrial sources, taking stock of exiting infrastructure for 
distribution of hydrogen and quantifying existing option for setting up a hydrogen 
infrastructure based on the current situation in NRW. The results of this study, which was 
conducted in early 2008, has shown that hydrogen which is produced in refineries or during 
chlorine production is commonly used in four ways: (1) chemically [fed into other chemical 
processes], (2) thermally [to create heat and steam], (3) sold externally [to gas industry] and 
(4) vented off [overcapacity which can not be used through (1,2 or 3)]. Hydrogen which is 
potentially available for applications can be estimated at 350M Nm3 per year. The biggest 
share (85%) comes from chlorine productions and offers thus a high quality (99% purity) and 
needs only little treatment for end users.  
 
 
Figure 1: Example of Estimating the Availability of Hydrogen at a Chemicals Plant in NRW. 
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1 Available Hydrogen Sources  
Hydrogen can be produced in various ways and easily be stored. In the near future the main 
focus will be on the production of hydrogen from renewable energy sources, but today 
already huge amounts of the valuable gas occur as a side-product in chemical production 
processes. German and international (GermanHy [3], Roads2HyCom [4]) studies show 
evidence that these hydrogen amounts could be made available for use in traffic & transport 
applications at short notice.  
 
 
Figure 2: Total industrial Production of hydrogen – H2NRW versus Roads2Hy. 
Roads2HyCom shows that German centres of activity are - among others - the Rhine-Ruhr 
region in Northern-Rhine-Westphalia. To keep cost for an initial infrastructure low, the 
existing hydrogen production could be utilized to demonstrate sustainability and provide a 
basis for a larger transition in the energy system.  
To give a more specific example the situation in the Cologne region should illustrate the 
existing potential: alone in the Cologne are 6,7 billion Nm3 of hydrogen are being produced 
per year. Despite the fact that big parts of this hydrogen is used by various customers a 
share of 203.000 Nm3 per day [~18 tons H2 per day] has been classified “available” by the 
producers of hydrogen [5] Available hydrogen was defined as volumes which were vented off 
or used for thermal applications und thus could be replaced by natural gas. The availably 
amount equals the energy needed to power 56.000 passenger cars (12.000 km/a, 3,5 l 
gasoline [eq] or 120 MJ per 100 km) or 1010 hydrogen busses (55km per year, 4kWh H2 per 
km or 12KG H2 per 100km). As there are approximately 1000 diesel busses being operated 
in the Cologne area the latter findings show clearly that (based on the available energy 
amount) the complete bus fleet could be replaced by hydrogen busses.  
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 Figure 3: Pipeline-Network in NRW operated by AirLiquide. 
Since 1998 the French gas company AirLiquide operates a hydrogen pipeline network in 
NRW which has a total length of 240 km and connects 14 production sites [6]. The total 
transmission capacity of the pipeline network is estimated at 250M Nm3 / year. This pipeline 
could be a complementary part allowing NRW to keep initial setup costs low. Depending on 
the level of political commitment and industry willingness the potentially available hydrogen is 
estimated to be sufficient for vehicle applications until 2020.  
2 HyCologne as Local Network of Innovation  
HyCologne focuses on using these resources and is building up a local network of innovation 
for hydrogen related technologies. Currently there are twenty partners organised in a cluster 
and two main projects initiated. Starting early 2010 HyCologne will establish a hydrogen bus 
fleet and built up a hydrogen powered fuel cell power plant in industrial size. Therefore a 
project has been set up to use the availably by-product hydrogen. The project called 
“Chemergy” will demonstrate clean energy solutions that make use of an existing but 
currently untapped source of hydrogen fuel – hydrogen emitted as the by-product of a 
sodium chlorate manufacturing plants. The purified hydrogen could be used to greatly 
reducing greenhouse gas emissions, local air pollutants, and the use of fossil fuels.  
3 Utilizing Waste Hydrogen – The CHEMERGY Project  
The demonstration project “Chemergy” will involve the operation of hydrogen hybrid busses 
and a number of fuelling stations. By making use of an existing by-product stream, the plant 
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significantly reduces the financial cost and energy required to provide 99.99% pure 
hydrogen.  
The „Chemergy“ project has the purpose to open up the infrastructure of the chemical 
industry, which has so far been closed in, and to provide public access, so that hydrogen can 
be used as energy carrier. This constitutes a necessary condition to establish an optimal 
starting position for the commercially reasonable operation of hydrogen applications in the 
future. 
The development of the infrastructure is clearly beneficial for the location’s and the region’s 
competitiveness. In parallel to the local activities the project partners examine how the 
findings of the Chemergy project can be transferred to other locations and how the potential 
resources of the industrial by-product hydrogen can be put to use in the region, in NRW and 
in Germany as a whole to ensure optimal results in efficiency. 
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Nippon Oil’s Activities toward Realization of Hydrogen 
Society 
Kojiro Nakagawa, Junji Okazaki, Yoshihiro Kobori, Hideshi Iki, NIPPON OIL 
CORPORATION, Japan 
Abstract 
Nippon Oil Corporation, a major Japanese energy distributor, has been devoting extensive 
efforts toward the establishment of hydrogen supply systems. The Council on 
Competitiveness-Nippon (COCN), an advisory organization which has influence on Japanese 
government policy, has announced that the establishment of hydrogen infrastructure should 
be started in 2015. By that time, we plan to have completed the development of necessary 
technologies for the infrastructure. It is well recognized that the storage and transportation of 
hydrogen is the sticking point on the path to realization of a hydrogen economy. 
The scope of our research covers key technologies for hydrogen storage and transportation, 
including carbon fiber reinforced plastic (CFRP) tanks for compressed hydrogen gas, 
hydrogen storage materials, and hydrogen transportation systems which utilize organic 
chemical hydride (OCH). This article describes Nippon Oil’s strategy for realization of the 
hydrogen economy.  
Keywords: Hydrogen Infrastructure, Hydrogen Storage Materials, CFRP Tank, Organic 
Chemical Hydride 
1 Hydrogen Infrastructure 
The time has come to take action to curb global warming. A considerable number of studies 
have been conducted on ways to limit emissions of greenhouse gases such as carbon 
dioxide. In particular, it has been recognized that utilization of hydrogen as an energy carrier 
would improve the efficiency of fossil fuels and contribute to the fight against global warming. 
It is very important for energy suppliers to make hydrogen available at reasonable cost at 
places convenient for the customer. However, at the first stage of a hydrogen economy, 
sales of hydrogen will not be enough to cover the huge investments required to construct 
new facilities, so utilization of existing facilities is highly recommended. 
Experts have pointed out that oil refineries have considerable capacity for hydrogen 
production, and currently produce large amounts for use in hydrodesulfurization and other 
refining processes. However, the facilities are not always operated at full capacity, meaning 
that refineries have extra capacity to provide hydrogen to the market. 
Having extra hydrogen production capacity on hand, oil companies have a clear incentive to 
study technologies for the transportation and storage of hydrogen, some of which will be 
mentioned below. 
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2 High Pressure Hydrogen Storage Tanks 
Hydrogen gas has good energy density by weight, but poor energy density by volume when 
compared with hydrocarbon fuels. Hence, the hydrogen storage pressure in fuel cell vehicles 
(FCVs) must be set high enough for the vehicles to achieve a good cruising distance. A 
recent trend has emerged in which the pressure has doubled from 35 MPa to 70 MPa, which 
has enabled FCVs to drive more than 500 km on one hydrogen charge [1]. Therefore, with 
hydrogen station applications in mind, we have been developing a large-scale CFRP tank of 
80 MPa, capable of hydrogen refilling an FCV equipped with a compressed hydrogen tank at 
70MPa. 
High-pressure tanks can be classified into four types (Table 1). The most commonly used are 
CFRP tanks such as the Type III and IV, because they offer many advantages such as high 
strength/stiffness-to-weight ratio. 
Table 1: Types of tank. 
Type   Composition   
Type I Metal tank 
Type II Metal liner with hoop lap layer of FRP 
Type III Metal liner with full lap layer of FRP 
Type IV Plastic liner with full lap layer of FRP 
 
The filament winding (FW) fabrication process, which combines the Tow-Prepreg and liner-
heating method [2-3], is a method we developed for manufacturing CFRP tanks (Figure 1). 
Tow-Prepreg is carbon fiber pre-impregnated with thermoset epoxy resin. It is easy to handle 
and has a long shelf life. One notable feature of Tow-Prepreg is its highly uniform resin 
content, so the FW method utilizing Tow-Prepreg makes it easy to manufacture tanks of 
consistent quality. 
Figure 1: Filament winding fabrication processes. 
Generally, the FW fabrication method requires that the dry fiber be passed through a resin 
bath to impregnate the fiber with resin. In the FW fabrication process utilizing Tow-Prepreg, 
however, the Tow-Prepreg can be directly wound over the liner. And when the liner-heating 
method is incorporated, the Tow-Prepreg can cure during the FW fabrication process. 
In a cross-section observation of CFRP by optical microscope (Figure 2), we can see that 
CFRP made using the liner-heating method has fewer voids than that made using the 
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conventional method. This result indicates that the new liner-heating method can minimize 
the occurrence of voids, because the epoxy-resin effectively penetrates into the interfiber 
spaces. 
 
 
Figure 2: The Photographs of the cross-section observation of CFRP layer by optical 
microscope at 200-fold magnification. (Right; Conventional method, Left; Liner-
heating method) 
By using Tow-Prepreg combined with the liner-heating method, manufacturers could expect 
to achieve cost reductions, increased production efficiency and higher quality CFRP tanks. 
3 Hydrogen Storage Materials 
We have been developing hydrogen storage materials with the objective of increasing the 
amount of hydrogen that can be transported with hydrogen trailers. Our target value for 
hydrogen storage is 5 mass% at 35 MPa, and to achieve this target, we have been focusing 
on metal-organic frameworks (MOFs) due to their exceptionally high surface areas, high 
porosity, and chemically-tunable structures. MOFs have attracted much attention due to their 
potential for various applications, including gas storage materials [4]. For example, MOFs (3) 
can be obtained by synthesis of a combination of metal ions (1) and organic ligands (2) 
(Scheme 1). 
 
 
HOOC COOH
COOH
Al(III) +
Metal-Organic Framework (3a)
(Three-Dimensional Structure)
n
n
n
Metal Ion (1) Organic Ligands (2)
n = 1 (2a)
n = 2 (2b)
n = 1 (3a)
n = 2 (3b)  
Figure 3: Synthesis of metal-organic frameworks having three-dimensional structure. 
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Our strategies for improving MOFs are to use light metal ions as the metal source and to 
enlarge the ligand size to attain a high porosity and large surface area. We were able to 
obtain an MOF (3b) which showed a hydrogen uptake of 0.94 mass% at 35 MPa, by reaction 
between light metal ions (1) and three-dimensional ligands with expanded branches (2a) [5]. 
4 Transporting Hydrogen Using Organic Chemical Hydride 
The transportation of hydrogen energy as a liquid fuel is a promising option because it makes 
effective use of the existing network for liquid fuels. One method for transporting hydrogen 
energy as liquid fuel is the liquid organic chemical hydride (OCH) system [6]. The OCH 
system for hydrogen storage and transportation, based on a chemical reaction involving the 
dehydrogenation of cycloalkanes and hydrogenation of the corresponding aromatics 
(Scheme 2), is relatively well-established. 
 
Me Me
- 3H2
+ 3H2
( ΔH = 205 kJ/mol )
Methylcyclohexane Toluene  
Figure 4: Organic chemical hydride system. 
This system has advantages of high gravimetric and volumetric hydrogen density. We have 
been focusing on developing a compact hydrogen transportation system utilizing the OCH 
system. We have developed a concept for a hydrogen station which generates hydrogen by 
the OCH system. With the aim of downsizing the hydrogen feed system, we have developed 
a micro-channel reactor equipped with a plate-type dehydrogenation catalyst. The micro-
channel reactor features a Pd-Ag membrane as the hydrogen separation membrane, which 
gives it the ability to generate high-purity hydrogen. A picture of the micro-channel reactor, 
which is a 4-layer design, is indicated in Figure 2. The micro-channel reactor can generate 
2.5 L of hydrogen per minute. 
 
 
Figure 2: Picture of 4-layer micro-channel reactor. 
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5 Summary 
As described above, we have been developing various technologies for the construction of 
hydrogen infrastructure, and are confident that our research will contribute to improving the 
hydrogen infrastructure. 
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Chemical Hydrogen Compression by MH-NH3 System 
Takayuki Ichikawa, Hiroki Miyaoka, Yoshitsugu Kojima, Hiroshima University, 
Japan 
In order to distribute hydrogen practically, the system of gravimetrically and volumetrically 
condensed hydrogen has to be developed, which should work under a moderate condition. 
As one of the candidates of the condensed hydrogen states, we have focused on ammonia 
(NH3) because it has a high hydrogen (H2) density of 18 mass% and is easily liquefied by 
compression of about 1 MPa at room temperature. Therefore, NH3 is thought to be one of 
attractive hydrogen transport media. However, NH3 is kinetically stable material because high 
temperature of more than 673 K is required to decompose NH3 into nitrogen (N2) and H2. On 
the other hand, NH3 can react with alkali metal hydrides (LiH, NaH and KH) even at room 
temperature by exothermic reaction, resulting that H2 is generated. Moreover, the pressure of 
desorbed hydrogen from the reaction between MH and NH3 can be increased up to at least 
15 MPa because of those exothermic reactions. Here, we would like to propose the new 
hydrogen compression system by using MH-NH3 reactions, which could be helpful for the 
hydrogen distribution. 
To overcome the global challenge to the fossil-fuel depletion and the global warming, the 
energy sources should be distributed to the various kinds of primary energies, such as wind, 
photovoltaic, solar, geothermal and hydroelectric power generations. An attempt to convert 
from fossil-fuel to these renewable energies has been underway all over the world [1-5]. 
However, these fluctuating energy sources are not available anytime and anywhere. 
Therefore, a suitable energy storage system should be required to deal with the fluctuation 
and the maldistribution.  
Although, the efficient battery system is quite useful and has been utilized in hybrid vehicle, 
laptop computer, mobile phone, etc., the energy densities of battery are too low to transport a 
large amount of energy. Consequently, hydrogen has been thought to be suitable energy 
carrier for a long distance transportation [6-11]. However, the hydrogen energy has a 
considerable problem to be transported, because the volumetric energy density of hydrogen 
is quite low whereas the gravimetric energy density of hydrogen is quite high. As shown in 
Figure 1, the volumetric densities of compressed hydrogen gas at 35 MPa and 70 MPa is 
only 2.8 and 4.7 kJ/cm3, which are slightly low compared with liquefied hydrogen (8.4 kJ/cm3 
at 18 K) or compressed natural gas (8.8 kJ/cm3 at 20 MPa). Although the liquefied or 
compressed natural gas has been circulated as a clean energy carrier in the world market, 
the natural gas should be primary and limited energy. Therefore, in order to establish the 
hydrogen based society, a suitable system to transport hydrogen as secondary energy 
should be required. 
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Figure 1: Comparison of various energy carriers in the volumetric viewpoint. 
Recently, our group has reported on the efficient conversion from ammonia gas and metal 
hydride to hydrogen gas and metal amide at a room temperature [12, 13], in which ammonia 
can be regarded as a hydrogen carrier [14-16]. From the viewpoint as energy carrier, the 
volumetric energy density of ammonia is 12 kJ/cm3 at 2 MPa at a room temperature, which is 
much larger than that of liquefied hydrogen as shown in Fig. 1. Therefore, we have 
investigated this system from various points of view. Actually, the combination of liquid 
ammonia and metal hydride MH could be regarded as an interesting hydrogen storage 
system by following reaction,  
NH3 + MH ↔ H2 + MNH2. 
Since one mole of ammonia generates only one mole of hydrogen, we focus on the liquid 
state of ammonia as the original system, expecting that the generated hydrogen is high 
volumetric density. In this paper, we will demonstrate the chemical compression of hydrogen 
by means of the direct reaction between liquid ammonia and metal hydride. 
In this work, commercial lithium hydride (LiH, 99.4 %, Alfa Aesar), sodium hydride (NaH, 95.0 
%, Aldrich), and Ammonia NH3 (99.999 %) were used. The properties of the liquid NH3 and 
MH (LiH and NaH) systems were investigated by a following experimental procedure. Figure 
2 shows an experimental system. A weighted amount of MH was packed into a reactor made 
by steel in a glove box (Miwa MFG, MP-P60W) filled with purified Ar gas (> 99.9999%) to 
avoid oxidation. The sample part of the reactor was soaked into liquid nitrogen after 
evacuation of the system. Then, gaseous NH3 was introduced into the reactor, where NH3 
should be solidified in the sample part at -196 °C. Here, the molecular amount of NH3 was 
adjusted in relatively lager than that of MH. After closing the VS valve, the reactor was pull 
out from liquid nitrogen.  During an increase in temperature, inside pressure and temperature 
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were monitored by pressure gauge and thermocouple attached to outside of the reactor, 
respectively. 
Figure 2: Experimental system. 
Figure 3 shows variations of inside pressure and outside temperature of the reactor during 
the reaction between liquid NH3 and LiH as a function of time. Here, since the thermocouple 
was attached to the outside of the reactor, the measuring temperature would be slightly 
different from the inside temperature. While the reactor was soaked into liquid nitrogen, the 
pressure was stable because the reaction between solid NH3 and hydrides should be quite 
slow due to solid-solid reaction at such a low temperature. With the return of temperature to 
room temperature, inside pressure drastically increases. An NH3 vapour pressure should 
also increase after melting. The pressure change observed during increasing temperature 
was compared with the variation of NH3 vapour pressure referred from a database in NIST 
[17], to understand a starting temperature of the reaction. The results are shown in inset of 
Fig. 3. It was noteworthy that the increase in the pressure started at around -20 °C. In the 
case of LiH, the pressure was reached up to more than 12 MPa within 1 hour, assuming that 
a NH3 vapour pressure at 25 °C is about 1 MPa [17]. Continuously, 20 MPa was obtained 
after 4 hours, and the maximum pressure was about 26 MPa after a month. This value was 
higher than the estimated maximum pressure at 25 °C, 23 MPa, obtained by the amount of 
liquid NH3 (2.4 g), LiH (0.7 g), and a system volume (10 cc), which was discussed later. A 
similar phenomenon was confirmed for the reaction of liquid NH3 with NaH by using the same 
experimental system, where the results were omitted in this paper. In this case, the pressure 
gain was saturated after reaching to about 12 MPa within 4 hours. This is because that the 
maximum pressure of this system was estimated to be about 13 MPa by a rough calculation 
at 25 °C from the amount of liquid NH3 (2.4 g), NaH (1.3 g), and the system volume (10 cc). 
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Anyway, from these results, the reaction kinetics of NaH with liquid ammonia was thought to 
be much greater than LiH. 
Figure 3: Variations of inside pressure and outside temperature of the reactor. 
Inset: Experimental pressure change and a vapour pressure of NH3 in NIST. 
In this work, we have demonstrated the production of compressed hydrogen via the direct 
reaction between liquid NH3 and MH. Even below room temperature, the reaction started and 
more than 15 MPa of H2 was generated within 1 hour. For the systems, the existence of NH3 
would be an essential problem for an application to a fuel cell. However, H2 and NH3 can be 
separated by using a suitable membrane. In addition, it had already clarified that metal 
amides as the reaction products was easily recycled back to hydrides below 300 °C under 
0.5 MPa of H2 flow condition [15], [16], [18]. Therefore, the reaction of NH3 and MH would be 
a potential method as a chemical compressor of H2 for practical use. 
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Field Test of Hydrogen in the Natural Gas Grid 
Henrik Iskov, Danish Gas Technology Centre A/S, Denmark 
Mats Backman, Borealis AB, Denmark 
Hans Peter Nielsen, FORCE Technology, Denmark 
It has become ever clearer that the resource of natural gas is an energy source which will be 
less important in the future due to limitations in natural reserves. In order to prepare for the 
future the gas industry is looking at alternative gaseous fuels, one such fuel gas is hydrogen. 
In order to prepare for a future use of hydrogen it became evident that very little information 
exists regarding the compatibility between long term exposure and transportation of 
hydrogen in steel gas transmission pipelines and polyethylene gas distribution pipelines. A 
program was therefore set to study the transportation in a small scale pilot grid at the field 
test facilities of the Danish Gas Technology Centre situated at the Scion-DTU research 
centre in Hörsholm, Denmark. 
The test program included former used steel pipes from the Danish gas transmission grid 
and polymer pipes from the Danish and Swedish gas distribution grid. 
The Project partners was Danish Gas Technology Centre, Borealis AB and FORCE 
Technology. Danish Gas Technology Center was project manager and responsible for 
operation of the field test. Borealis - one of the biggest suppliers of raw material from 
polyethylene for the production of pipes for e.g. pressure pipes for gas distribution - provided 
analytical services for the determination of compatibility problems between polyethylene 
pipes and hydrogen under long term exposure. FORCE Technology focused on dynamic 
testing and analysis of the steel pipes from the gas transmission grid. 
1 Polymer Pipe Test and Analysis 
A dominant part of the natural gas distribution grid consists today of polyethylene pipe due to 
its excellent track record as a reliable piping material with minimal maintenance. The reason 
for this is the inherent properties like its corrosion free nature, the possibility to create fully 
weldable systems, its high ductility and excellent low temperature properties. 
The program was devised so that a part of the test grid was to be dug up each year and 
analyses were performed on the pipes. In this way any form of influence on the integrity of 
the polyethylene pipe would be detected. The pipes were analysed before exposure to 
hydrogen, then the pipes has been dug up after 1 year, 2 years, 3 years and 4 years of 
exposure. Some of the pipes have also previously been used in the Danish natural gas 
network. The oldest pipes have been subjected to natural gas for 20 years before exposure 
to H2 in the pilot grid. 
The analytical program was devised to detect any influence on the additivation of the 
polyethylene as this have an influence oxidative resistance. Furthermore the test pipes were 
analysed for possible degradation caused by extrusion of the material. The possible 
interaction between the antioxidant and hydrogen has been checked by the so called oxygen 
induction temperature (OIT), which shows the antioxidation effect of phenolic antioxidants. 
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The possible extrusion influence has been analysed by Fourier Transform Infrared analysis 
and a check of the carbonyl content on the inner surface of the pipes was performed. 
Furthermore the study has focused on detecting possible changes in the structural 
composition the polyethylene. The materials for gas pipes are very high molecular weight 
materials, therefore rheology was chosen as this is very sensitive for changes in the high 
molecular weight part of the material. The rheology has been presented as a number of 
index, namely η2,7 KPa, SHI2,7/210 and η747 Pa this gives an indication of the molecular weight, 
the molecular weight distribution and the high molecular weight tail. The rheological analysis 
has been performed on an Anton Paar, Physica MCR350, in a plate/plate set up at 190 
degree C. Also, Melt flow rate (MFR) and flow rate ratio (FRR) has been utilised to further 
detect any structural changes. The MFR analysis has been performed according to ISO 
1133. 
To complete the analysis the most important mechanical properties has been checked, in 
order to further strengthen that the analysis of the antioxidant interaction and the possible 
interaction to the polymer structure has been able to pick up any changes. The most 
important mechanical properties have been defined as: Tensile test, elongation at break, 
tensile modulus and slow crack growth, measured in the CTL test. Especially if changes 
takes place in the slow crack growth properties of the material this would be very negative as 
in practise the resistance to slow crack growth determines the potential life length of the pipe 
line system. The tensile tests and modulus has been performed according to ISO 527-2/1B 
and the CTL analysis has been performed according to ISO 6252-1992 fitted with a notch 
according to ASTM F 1473 at 60 degree C in a 10 % Igepal 720 water solution. 
In this investigation two different classes of polyethylene pipes and materials have been 
studied, namely PE80 medium density polyethylene (MDPE) gas pipes and PE100 high 
density polyethylene (HDPE) gas pipes. The MDPE gas pipes have different manufacturing 
dates. Some of the PE80 gas pipes were manufactured in 1982. The PE100 gas pipes 
consist of two different pipes and materials. One pipe/pipe material is an orange single wall 
pipe, while the other was a two layer pipe with a natural coloured main inner pipe and a thin 
orange outer protective layer. The purpose of the outer layer is to provide a UV protective 
layer, an easy peelable layer before welding and protect the inner layer from outer damage. 
Also in the case of the PE100 gas pipes different manufacturing dates are present. The 
oldest pipe is from 2001. 
Summary of the results: 
In all of the pipes sampled from each of the years (no exposure, 1 year, 2 years, 3 years and 
4 years) that has been analysed no surface oxidation has been found. This means that all 
pipes have been extruded according to industry praxis and no pre-damage has taken place. 
The study of the antioxidant shows no indication of a deterioration of the stabilisation. This 
means that in the oxygen induction time (OIT) measurements at two temperatures we have 
not found any significant changes over the four years of exposure compared to a non-
exposed material. The OIT values remains at a similar value throughout the 4 year test 
period within the accuracy of the measurement. Typical results after 1 - 4 years of exposure 
is approximately 22 min at 210 C and 50 min at 200 C for the PE80 samples and 
approximately 60 min at 210 C and 160 min at 200 C for the PE100 samples. The standard 
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demand in EN1555, the PE gas pipe standard, is 20 min at 200 C which is also clearly 
surpassed by both the PE80 and PE100 material. The interpretation is that there is no 
interaction between the hydrogen and antioxidants or hydrogen and material over the 
investigated period. The results are valid for both the PE80 and the PE100 pipes. 
The structure analysis also indicates that there is no interaction between hydrogen and the 
Polymer. Neither in the MFR/FRR analysis nor the rheological analysis is revealing any 
interaction between the polymer and the transported media, hydrogen. The structure of the 
polymer is intact according to the analysis made after four years of exposure. This is valid for 
both the PE80 and the PE100 pipe materials. 
The mechanical analysis shows the same. The tensile tests, elongation at break and the 
elastic modulus as well as the slow crack growth show that no deterioration occurred due to 
the exposure to pressurised hydrogen during the four years of exposure. 
In summary, according to the tests performed in this study, we have found strong indications 
that polyethylene gas pipes PE80 and PE100 can be used for transportation of hydrogen 
without any adverse long-term effects on antioxidants, polymer structure or the mechanical 
performance of the polymer pipes. The same indications have been found for both new and 
old pipes that has been used in the Danish natural gas distribution network for more than 20 
years. 
An additional remark: The gas distribution network consists of many other components and 
connections. The above conclusion only applies to the tested types of pipe material. Before 
introduction of hydrogen in the natural gas network all components and connections must be 
investigated. 
2 Steel Gas Transmission Pipeline Test and Analysis 
The object of the steel pipe test was to see the effect on fatigue life of existing natural gas 
transmission lines with hydrogen gas being added to natural gas. The test and analysis 
focused on the effect of hydrogen on fatigue cracking in pipeline girth welds. 
Full scale tests was performed using cut-out API 5L X70 pipe sections 20 inch diameter by 7 
mm WT from the Danish natural gas transmission system. The pipe sections contained field 
girth weld made during the installation of the pipe line in eighties.  
The internal test environment consisted of 100% hydrogen gas at fluctuating pressures 
representing the daily peak to peak variation in the gas transmission line. The maximum 
pressure was 70 barg and the maximum pressure amplitude used was 30 bar. 
2 test series were conducted with increasing pressure amplitude from 20 barg to 30 barg. 
The pressure cycle variation frequency was less than 0,0017 Hz. and each test serie was run 
for 15.000 or 30.000 cycles. 15.000 cycles corresponds to 40 years operation with one 
pressure cycle per day. 
The girth welds were checked prior to test and again after the completed test cycle by 
ultrasonic examination. If no cracks were observed the test specimen continued in test for 
the next period. 
Test series 1 was completed in 2008 and test series 2 was completed in 2009. 
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The girth welds has been dissected and subjected to metallographic examination in addition 
to the ultrasonic testing in order to describe possible defects and defect growth in the weld 
zones. The dynamic testing equivalent of 80 years with two times the maximal pressure 
variations found in the danish gas transmissionssystem (that is 2 x 15 bar equal to 40 to 70 
bar for 30000 cycles) has shown no defect growth. 
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Advances in Hydrogen Refuelling Stations 
Jonathan Macron, Loic Damongeot, Françoise Barbier, Air Liquide R&D, France 
Thomas Charbonneau, Air Liquide Canada 
Hydrogen-powered vehicles represent a promising solution to reduce overall green house 
gas emissions and ensure sustainable mobility. 
Car manufacturers are developing prototypes with improved performances, more reliability 
and autonomy proving the viability of advanced technology vehicles. In parallel, the hydrogen 
infrastructure has to evolve to meet real-world demands and provide the required filling 
stations network that will enable the users to refill their cars, buses or scooters … 
Air Liquide is a global leader in hydrogen fuelling and infrastructure. It has manufactured and 
installed more than 40 hydrogen fuelling stations in different countries, working jointly with 
leading vehicles manufacturers in order to design and build the future generation of filling 
stations.  
 
Air Liquide Image Bank 
 
Figure 1 
These advanced stations should be able to perform fast filling on any type of vehicle. 
As of today, temperature increase during filling has been causing many concerns and has 
prevented “blind” filling like what is performed with gasoline stations. 
This paper presents innovative solutions developed by Air Liquide group to solve this issue 
and also to perform filling without communication, hence simplifying a lot the process. 
Combining modeling and advanced process control, these solutions enable to match the 
customer's requirements and specifications while ensuring quality and safety in the filling 
process. The path is now opened to moving from prototypes to industrialization. 
The first step consists in implementing a control strategy to transfer hydrogen within vehicle 
tank taking into account the constraints given by the customer. Control scheme should 
enable to keep the temperature of the hydrogen inside the vehicle tank under maximum 
safety level while optimizing the refuelling time. 
The control strategy has been built on the basis of dynamic simulations of a standard 
hydrogen station under Matlab/Simulink. A critical device to characterize was the actuator: at 
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such level of pressure (above 800 bars), linear behaviour of the actuator is no longer 
guaranteed hence impacting highly the dynamical efficiency of the control scheme. 
The specified advanced control scheme enabled Air Liquide to perform fast filling on high 
pressure hydrogen-powered vehicles while maximizing the transferred mass and keeping the 
whole system safe. This solution has been industrialized and validated on several fuelling 
stations manufactured by Air Liquide (Figure 2). 
The second and highly innovative step aims at defining adaptive control schemes for fast 
filling procedures. This means that control strategy should be used to refill any type of 
vehicle, with different tank volumes. 
The final objective is to perform a filling in the most optimal way, as follows: 
 Maximize the mass of product transferred within the tank 
 Operate safely in regards to temperature variations 
 Perform filling without communication with the vehicle (no information on type, tank 
volume and level) 
 Operate a filling as fast as possible 
 
 
Figure 2: Air Liquide hydrogen station. 
To achieve this goal, a filling procedure coupled to a real-time soft–sensor has been 
designed and validated under simulation to estimate the temperature during a filling of the 
vehicle tank, after having estimated its volume and the remaining hydrogen quantity when 
the vehicle connects to the station. 
To do so, the filling procedure starts with pulses of hydrogen being transferred into the 
vehicle tank. 
Thermophysical assumptions, based on modelling of the tank and the station, lead to the 
estimation of the volume of the tank. 
Based on the estimated parameters and constants, an advanced control scheme has been 
designed to perform the filling in regards to pre-described requirements. 
This advanced control strategy is scheduled to be tested on pilot stations within the coming 
months. 
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HI Fuel Infrastructures
HI.1 Hydrogen Distribution Technologies
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HI.3 Fuel Provision for Early Market Applications
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Air Liquide Roadmap for Hydrogen Energy 
Eric Prades, Air Liquide, France 
1 Context 
Climate change, pollution, reliance on fossil energies, surging energy demand have become 
critical global challenges today. The energy industry is undergoing a complete 
transformation, and while it is essential to ensure our energy supply, it is also of the utmost 
importance that the new production methods are able to limit the impact of their usage on our 
environment.  In the frame of those global challenges, hydrogen can play a key role in the 
development of new energy alternatives.  
As a carrier that is compatible with other types of energies, it can be produced from a wide 
variety of sources including renewable, while presenting unique storage options and, 
combined to a fuel cell, efficiently produces electricity with zero direct pollution. 
The presentation will illustrate how Air Liquide envisages and contributes to the raise of this 
new Hydrogen Energy economy. 
2 Air Liquide and Hydrogen today 
2.1 A challenge for committed players 
New energies cannot appear without great investments, as the markets they are aiming do 
not exist yet. Thus, only experimented players have the expertise, the knowledge and the 
capacity to impulse the technologies and infrastructures needed. Air Liquide is the world 
leader in gases for industry, health and the environment, and is present in over 75 countries 
with 42,300 employees. For almost 50 years, Air Liquide has built up considerable credibility 
in the hydrogen field and has put every measure in place to ensure the reliability and 
efficiency of its equipment. In 2008, the 200 plants of the Group produced 7 billions Nm3 of 
hydrogen for 1.2 billion € sales for industrial applications. The Group’s global hydrogen 
network encompasses R&D innovation, engineering development, gas production, product 
transport and distribution, and customer service and maintenance, covering the whole chain 
of application from generation to demanding end users.  On this basis, the group has built a 
strong expertise from which it can transfer its skills and know-how to emerging markets. 
3 Air Liquide and the New Economy of Hydrogen Energy 
3.1 Our vision 
For Air Liquide, a new sustainable economy policy requires a larger strategic approach of the 
environment. The Group decided to build his strategy to drive and inspire every activity in the 
business lines on 5 growth drivers, of which Energy & Environment: 
“Our activities lie at the heart of the most important challenges facing the planet. To meet 
those challenges, Air Liquide develops innovative technologies and sustainable solutions, 
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optimizing the use of air and the planet’s natural resources, enabling progress and 
preserving life”.  
When applied to our day-to-day environment, these principles naturally go along with 
sustainable mobility. Therefore, with the substantial progress that has been achieved in 
hydrogen energy technologies these past five years and, thanks to the different players in the 
industry including Air Liquide, financial investment decisions and technical breakthrough 
should allow for hydrogen vehicles to be ready for the commercialization on the market by 
2015. 
3.2 Innovation, starting from an existing basis 
However, getting more companies to cooperate, public funding to be budgeted and 
technologies to reach performance and targeted costs might not be easy. If creating 
breakthrough technologies is a key factor to prepare the energy consumption transformation 
[1], it can only be done within the expected time span with a solid industrial basis. That’s the 
reason why Air Liquide decided to increase innovations on H2 plants energy efficiency, 
CapEx reduction, CO2 mitigation and H2 transport for a global investment in 2008 of almost 
300 millions €. More than 40 hydrogen filling stations are now operated around the world 
including the largest one in Vancouver – BC – Canada. 
Moreover, preparing the new energy markets requires to design a completely new supply 
chain from production to end-user distribution. Transfers of knowledge and know-how from 
existing industry may speed up greatly the transition to a sustainable energy. As a 
consequence, Air Liquide has been underpinned for several years by the teams of R&D 
Corporate and Advanced Technologies, as well as some subsidiaries of the Group, such as 
Canada, together with Axane, its wholly-owned subsidiary founded in 2001 that develop and 
manufacture PEM Fuel Cells. Due to this specific context, Air Liquide enjoys a unique 
position among gas producers, and will build on this basis to better understand and 
anticipate hydrogen energy markets and user’s expectations and offer equipment or service 
solutions.  
4 The Foreseen Potentials of the New Hydrogen Energy Markets 
As a rule of common sense, estimations of potential growths do pilot the investments 
decisions. In addition, if environment preservation is the goal for our society, the economic 
viability of a new energy is the key for its development. As early as today, several hydrogen 
energy markets are already accessible, thus justifying the name of “early markets”. On the 
other hand, the mass transport market considered today as the most promising one and for 
which the Fuel Cell Vehicle (FCVs) brings a solution is deploying first infrastructural and 
social prerequisites to create the conditions of its success. 
4.1 Early markets 
An early market grants almost immediate access to the player who enters it. Consequently, 
not only for technology replacement but also for new utilizations, the hydrogen energy 
encompasses at the same time the possibility to promote economic growth and to improve its 
new technologies in real-life conditions. Finally yet importantly, such deployments are the 
initiation of further cost reductions by series effect.  
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When combined to a fuel cell, hydrogen efficiently and silently produces electricity with zero 
direct pollution. Air Liquide believes in fuel cell applications within four distinct early markets 
selected for their potential: 
 Specialty vehicles: already an important market in terms hydrogen volume, hydrogen 
specialty vehicles and captive fleets can grant significant productivity gain to 
customers. Hydrogen forklift deployment in the US have already capture 4% market 
share of electric truck fleet in the US 
 Off-grid sites: Supplying energy to isolated off-grid sites is the next biggest early 
markets. Hydrogen offer autonomy and preserve the environment at the point of use 
 Back-up power: This market presents also a big potential, mainly conditioned by 
reliability and safety. 
 Mobile energy: High visibility with applications amongst cinema, special events, 
rescue & safety and architecture design is typical for this market. 
All the early markets also hold the advantage of enabling the transition towards and opening 
the way for future applications such as in transport. When the new mass transport market is 
mature enough, they will be able to follow their own way, accompanying the developments of 
hydrogen technology. 
4.2 Mass transport market 
Today, transport vehicle technology has reached its maturity. The internal combustion engine 
technology, known for years, shows limitations for further development. 
It is penalized by low energy efficiency and only marginal improvements can be expected. 
On the basis of equal power supply, its consumption and therefore its emissions can only be 
reduced to a certain extent. Faced with demands for energy efficiency and lower emissions, 
car manufacturers are proposing new wheel drive alternatives, such as electric and hydrogen 
vehicles. Not only do higher energy yield electric engines power them both [2], but they also 
eliminate the need for oil-based liquid fuels since they rely on new energy carriers: electricity 
and hydrogen. 
By using hydrogen in transport applications, greenhouse gas emissions will be reduced and 
city pollution levels, including noise, will be lowered. 
FCVs have developed significantly over the last 5 years and several car manufacturers 
anticipate strongly that from 2015 onwards a quite significant number of them could be 
produced. This number justifies the efforts and investments needed and opens new 
playgrounds for technology developers. Such complex and massive market cannot be 
approached without a convergence of the industry players. 
Moreover, to deal efficiently with the sustainable transport stakes, the hydrogen industry 
needs to: 
 foresee the roadmap to achieve a complete “green” supply-chain [3],  
 validate its technological advances in real-life conditions,  
 convince society of the value of the technological innovations (social acceptance [4]),  
 implement regulations and codes for daily use,  
 and create an infrastructure base on which future fleets of hydrogen vehicles can rely. 
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The presentation will explain further how to answer those concerns within the partnerships. 
5 On the Path to the New Hydrogen Energy Economy 
5.1 Hydrogen biggest challenges can’t be overcome alone 
On the path to the new Hydrogen Energy economy, Public-Private Partnerships (PPP) are 
required. In Europe, the main hydrogen energy funding programs are based on a “Fuel Cells 
& Hydrogen” Joint Technology Initiative, launched in 2008 by the European Commission with 
€80 million/year [5]. 
Several projects in the past have initiated the demonstration of hydrogen efficiency, some of 
them still being active, and have prepared the path for early markets partnerships. On a 
longer-term basis, mass transport partnerships are gathering the key players into a 
convergence of means and visions.   
Air Liquide subscribes to this frame and is an active actor of the following programs: 
5.1.1 The Hychain project 
Over the period 2006-2010, Hychain [6] is a €37 million program, which deploys in four 
European countries small urban vehicles: minibus, tricycles, utility vehicles and wheelchairs. 
The project also tests a dedicated infrastructure for exchangeable hydrogen cylinders. 
5.1.2 The Horizon Hydrogen Energy (H2E) project 
The Horizon Hydrogène Energie (H2E) [7] program is the latest of Air Liquide’s commitment. 
This ambitious program represents a global investment of 190 million Euros over 7 years in 
research and technology development and federates 19 partners in order to implement a 
new industry for hydrogen energy. 
H2E is a unique occasion to promote France and Europe into the implementation of a 
sustainable energy industry and has been tailored especially to fit the targeted early markets. 
In summary, H2E is a program:  
 aiming at building sustainable and competitive hydrogen energy solutions in the 
targeted markets 
 investing in research & technology over seven years 
 aiming at breakthroughs in the entire industry on electrolysis, fuel cells, hydrogen 
production and high pressure storage technologies 
 opening early markets to ensure the transition towards and open the way for future 
applications such as in transport. 
 deploying several thousands of systems throughout Europe by 2015 and in 
subsequent years 
 opening early markets that, in Europe, represent a potential of several billions of 
Euros beyond 2015. 
5.2 Mass transport partnerships 
As briefly presented formerly, the sustainable mobility for mass transport implies three main 
stakes, namely  
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 to preserve the environment,  
 to define a third-countries-independent and sustainable energy,  
 to generate economy growth based on an affordable energy. 
 and to offer the same conditions of use as today’s vehicles 
To reach such goal, industries and customers benefit from drivers of change which are the 
environment policies, the energy policies and the economical context. However, cost 
reduction is the major stake to influence the economical context and is the responsibility of 
technology makers. With fuel cells for example, Axane has been able to divide the cost of its 
cells by ten thanks to breakthroughs. Yet, to reach cost objectives compatible with the 
various markets, notably in transport, it is imperative to continue to raise the equipment 
performance and reach large-scale production levels. 
Air Liquide decided to promote and to play a leading role in the following transport programs: 
5.2.1 British Columbia Transit project 
The BC Transit project in Vancouver [8] have deployed with Can$ 89 million the largest 
hydrogen bus fleet operating in a single location with 20 buses refuelled at the largest 
hydrogen station ever built today. The project has been launched on the occasion of the last 
Vancouver Olympics. 
5.2.2 H2 Mobility Project 
“A comprehensive infrastructure for hydrogen refueling will be in place in Germany by 2015.”  
This statement is the origin of a three-phase plan of action. In the first phase, concepts for 
the expansion of new hydrogen refuelling stations should be developed by 2011 with the help 
of funding from Germany’s economic stimulus package. In the second phase, this 
infrastructure will be realized, while the third phase will be marked by electric vehicles 
powered by fuel cell technology hitting the roads around 2015 in Germany as regional 
starting point. 
Air Liquide decided to share his efforts with the signing manufacturers; NOW, Daimler, Linde, 
Air Products, Shell, Total, OMV, ENBW, Vattenfall) in order to prepare the FCVs mass 
market in Europe. 
In a second deployment phase, similar concepts for the market penetration of hydrogen 
infrastructure could be developed in other regions of the world, including Europe, USA, 
Japan and Korea as further starting points. 
6 Conclusion 
Air Liquide is confident Hydrogen Energy applications will create tremendous growth 
opportunities. All those partnerships, combined with the development of their associated 
technologies, should allow for hydrogen vehicles to be ready for the commercialization on the 
market by 2015, contributing to the raise of the new Hydrogen Energy economy. 
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Business Case Hydrogen Infrastructure 
Christoph Stiller, Jan Michalski, Ulrich Bünger, Ludwig-Bölkow-Systemtechnik 
GmbH, Germany 
1 Introduction, Scope and Methodology 
A hydrogen refuelling infrastructure is more complex than other fuel infrastructures due to the 
number of technology options, the site- and volume-dependent cost structure, the varying 
CO2 emissions burden depending on hydrogen source and the risks and conflict of interests 
of the players involved. Market economics alone cannot lead to a successful breakthrough of 
this technology; a coordinated and concerted approach is needed for the early introduction. 
A case study has been conducted to realistically simulate the build-up of hydrogen use in 
transportation and refuelling infrastructure in the Greater Oslo Area in Norway. The 
H2INVEST model was used to simulate the hydrogen infrastructure and to perform business 
analyses for the region. The model creates sets of refuelling sites allowing for maximum user 
convenience, estimates the hydrogen demand at these locations over time, and creates cost-
optimum spatially and timely discrete production and distribution infrastructure to supply the 
hydrogen to the sites, respecting potential policy measures. 1 
Then, these results were utilized for a detailed business analysis, focussing on the five 
stations with highest and lowest demand, respectively. 
The paper highlights key results of the case study in terms of refuelling station build-up, 
hydrogen supply infrastructure and subsidy models. Conclusions will be drawn on the 
requirement of subsidies and levelling mechanisms between high- and low-demand stations. 
2 Hydrogen Demand and Refueling Station Rollout 
The case study is based on modelling the spatial distribution of the infrastructure and its 
development over time. In 2008, the Greater Oslo Area (GOA) had about 980,000 
inhabitants. It is assumed that the users of the cars live in the GOA, while they may drive to 
places outside; i.e. hydrogen refuelling stations can also be located outside GOA which also 
holds for hydrogen production locations. The analysis timespan covers 2010 to 2025 in one-
year steps.  
We have assumed that mass roll-out of hydrogen fuel cell vehicles commences in 2016-18 
and that by 2025, about 60,000 hydrogen vehicles will be registered in the area, beside 
private cars also comprising about 100 public city buses and fair numbers of multi-purpose 
vehicles and delivery vans. A total hydrogen demand of app. 6,000 tons/year was projected 
for these vehicles by 2025. The vehicles were distributed over the municipalities of GOA 
following deployment logics at regional scale (i.e. a municipality which is connected later will 
                                                
1 For a detailed description of the methodology used to calculate demand, locate refuelling stations 
and optimise the hydrogen supply infrastructure in the H2INVEST model, refer to 
www.H2INVEST.com  
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gradually catch up in penetration with municipalities connected earlier). The number of 
refuelling stations in the area was assumed to reach a level of 20-30 by the year 2020 and 
then remain constant until 2025 (with the average hydrogen turnover per station continuously 
growing). The stations were assigned to the municipalities respecting the area and the local 
vehicle population. Then, to place the hydrogen stations within each municipality, a subset of 
conventional refuelling sites was chosen. It was distinguished between hydrogen demand for 
local, highway and public fleet driving. Conventional refuelling sites along high traffic roads 
were preferred in general while at the same time a widespread distribution of HRSs across 
the analysis region should be achieved. 
With a set of 30 stations, an average travel distance to the next refuelling station of 3.4 km is 
achieved (assuming vehicles and HRS to be equally distributed over the municipalities). By 
reducing the number of HRS to 20, this distance increases to 4.1 km. Finally, the hydrogen 
demand at the stations was estimated by means of a simple distance-related traffic model 
and scaled by the traffic passing by each station. 
 
Figure 1: Selected hydrogen refuelling locations and calculated hydrogen demand 2020. 
Figure 1 shows the selected hydrogen refuelling station locations and the estimated 
hydrogen demand at each station by 2020 (30 stations). Stations in the centre encounter the 
highest demand due to high traffic density than in remote locations. Four standard station 
equipment types were defined with capacities of 25, 300, 1,000, and 3,000 kg/day. Once the 
demand at a station would exceed the current capacity, the current equipment would be 
removed (to be installed at a new site, either within the same area or in other areas), and the 
next larger equipment type would be installed.  
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Figure 2: Split of HRS types over time (left: 20 stations; right: 30 stations). 
Figure 2 depicts how the HRS type split changes over time for scenarios with 20 and 30 
stations. It can be seen that 1/2 (20 HRS) and 2/3 (30 HRS) of the lowest capacity station 
equipment is required between 2016-18 when the hydrogen turnover is low in order to create 
customer convenience. For economic reasons this is unfavourable for the retailers since 
such stations require high investments and yield low revenues. The initial investment in small 
HRS is not lost as it is assumed that the equipment will be used at more remote locations 
later (outside the analysis region) afterwards. Yet, in order to avoid early investments in a 
large number of specifically costly small HRS an option is to install higher capacity 
equipment earlier though initially heavily underutilized. Although this would result in higher 
initial costs they are likely to be overcompensated by savings for avoided new installation 
costs after a few years. 
3 Hydrogen Supply Infrastructure Build-up 
With the H2INVEST model [2], cost optimized production and transport infrastructure 
scenarios were calculated to supply the above set of refuelling stations with the hydrogen 
demand estimated. Relevant hydrogen production options defined were electrolysis (central 
& onsite), central steam reforming of NG and biogas, and biomass gasification, and a set of 
industrial locations for the placement of these production plants were specified.  
As hydrogen delivery options truck-based distribution of vessel bundles, tube and liquid 
trailers or pipeline distribution were chosen. Also, short pipelines between adjacent stations 
to jointly utilize onsite generation equipment were foreseen to form local clusters. The 
techno-economic data of the production and transport equipment were mainly taken from [3] 
and [4]. Data on electrolyser and refuelling equipment came from Statoil. The energy prices 
assumed can be seen in Figure 3. Natural gas and conventional fuel prices rely on a 
constraint fossil resources scenario [1].  
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Figure 3: Energy prices assumed for scenarios. 
Out of these options, the H2INVEST model calculated integrated supply infrastructure 
scenarios, choosing hydrogen production locations and production equipment as well as the 
distribution mode to the set of pre-defined hydrogen refuelling stations. The optimization 
objective for each time step is to supply the entire hydrogen demand at minimum annual 
costs. Figure 4 shows the resulting hydrogen production and distribution infrastructure by 
2024. 
Aggregated results of the hydrogen production and distribution in GOA for the scenario with 
30 stations can be seen in Figure 5. For 2010 to 2015 the model suggests to supply most 
HRSs with by-product hydrogen from a nearby chlorine-alkali-electrolysis plant by tube 
bundle trailers, which, due to the low total demand, turns out to be the cheapest option 
during this phase. Only the HRS for buses has a higher hydrogen throughput and is supplied 
by tube trailer, representing about 80-90% of the overall hydrogen demand in that period.  
By 2017, a biogas based SMR is installed, and all hydrogen is supplied from there by truck. 
By 2020, more biogas reformers are added, and due to the increasing hydrogen turnover, the 
majority of the HRS is supplied by tube trailers. By 2022, a further demand increase causes 
a radical shift in the infrastructure, since the limited regional biogas potential available for 
hydrogen is exceeded. Electrolysis is added to the production portfolio, and most central 
HRS locations switch to pipeline supply (see also Figure 4). Two onsite electrolysers are 
built. 
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Figure 4: Production and distribution infrastructure for Oslo (30 stations; 2024). 
After 2022 the infrastructure does not change further radically. The increased demand is 
mostly supplied by new electrolysis capacity, and the pipeline grid is expanded by a few 
branches towards HRS locations at the city border to replace shorter truck routes. 
NG-based SMR and biomass gasification were not chosen due to the high feedstock price 
assumed for NG, and the low efficiency and high electricity consumption assumed for the 
biomass gasification plant. Likewise, LH2 distribution is not used in any of the scenarios, 
since it is typically beneficial for larger distances. LH2 had most likely become a preferred 
option if a larger supply region had been analysed. 
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Figure 5: Aggregated hydrogen production and distribution (30 stations). 
In the scenario with only 20 stations, the resulting infrastructure roll-out is very similar. 
However, electrolysis and pipelines are chosen about 2 years earlier than for the 30 station 
option (Figure 5) which results from the higher turnover per station, a major decision criterion 
for the hydrogen distribution type. 
As a consequence from the use of biogas and electricity (which in Norway is practically 
greenhouse gas neutral due to the large percentage of hydropower in the electricity mix), the 
resulting well-to-wheel GHG emissions for fuel cell cars are very low from 2017 and onwards, 
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reaching a CO2 equivalent level of below 20 g/km. The introduction of hydrogen mobility in 
Oslo as specified here can cumulatively save about 300,000 tons CO2 equivalent until 2025. 
4 Business Case Analysis 
The simulation results from above were used for a detailed economic evaluation of the 
refuelling stations and the hydrogen infrastructure. In particular, the H2INVEST business tool 
allows for clustering single infrastructure elements into business divisions and specifying 
transfer prices for hydrogen between divisions and players defined. With these inputs, major 
economic parameters such as operating income, cash flow from investments and capital 
structure are calculated for each division. The clustering process can be structured by the 
position within the value chain (production-conditioning-distribution-refuelling), being either 
technology- or location-specific. Financial results can be generated for each business 
division. 
For this study, we assumed two major types of investors. One investor (one independent 
business division) is responsible for the entire production and transportation of hydrogen to 
the HRS, regardless of the technology. Furthermore, every HRS is one business division, 
assuming the HRSs to be economically independent from each other. The transfer price for 
hydrogen deliveries between the production division and HRSs is site-specific and includes 
both operating costs (i.e. variable and fixed operating and maintenance costs as well as 
energy costs) and capital costs (i.e. debt interest and cost of equity). The consumer price at 
the HRS, however, is calculated as gasoline equivalent and is exempt from fuel taxation until 
2020. From 2021 to 2025, we assumed taxation to ramp up to per-km parity with 
conventional fuel, reducing the net price received by the refuelling station. In addition we 
assumed the following: 
 Working capital requirement for each technology is 5% of the initial investment. 
 Declining balance depreciation is used for every infrastructure element. 
 Debt ratio is 20% with 9.5% interest on average and 12% costs of equity for all 
investors. 
 Division tax is 30%. 
 No extra overhead for infrastructure planning and no inflation. 
The profitability of the HRS was assessed based on site-specific net present values (NPV) as 
a sum of the corresponding discounted free cash flows. The final free cash flow at the end of 
the analysis timeframe contains the remaining book value of the corresponding equipment in 
order to account for the terminal value of each station in a conservative way. Figure 6 (left) 
shows the NPV results for the five HRSs with highest demand (in central, heavily travelled on 
areas) and five HRSs for lowest demand (in rural areas, which are required for customer 
convenience), respectively. It can be seen that while for the high-turnover HRSs, the NPV 
increases from 2020 to 2025 and two stations yield a positive result by 2025, for the low-
turnover HRS the NPV decreases even further during this period. This is because the latter 
have higher specific hydrogen costs and through the beginning fuel taxation, the net retail 
price is strongly reduced.  
We also calculated a case with a one-time investment subsidy upon erection of a new 
refuelling station of 1.5 million € for HRSs erected by 2010, reduced by 10% each 
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subsequent year (see Figure 6 right) in order to ensure adequate profitability for all stations. 
With this subsidy, the 2020 NPV is levelled out to a positive value for all HRSs. However, by 
2025 the high-turnover HRSs have a high NPV, while for the low-turnover HRSs, the NPVs 
have decreased to a value near zero. This is also due to the specific hydrogen costs. 
Moreover, because the high-turnover HRSs are generally erected earlier than the low-
turnover HRSs, the high-turnover HRSs receive more subsidies, and the NPV difference in 
2025 is higher than without subsidies. A fair subsidising scheme must therefore not only 
consider the year of erection but also the site particularities (such as traffic and population 
density). Yet, the delay of the late stations must be taken into account; assuming a further 
increase in turnover, some years later also the low-turnover stations would probably yield 
positive NPVs. 
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Figure 6: NPV of 5 HRS with highest and lowest turnover; w/o and w/ subsidies. 
 
5 Conclusions 
A detailed study for the hydrogen refuelling infrastructure for the Greater Oslo Area was 
conducted, assuming 20-30 hydrogen refuelling stations by 2025. The results suggest that 
over time and with increasing demand, hydrogen sources will switch from hydrogen by-
product to biogas and later to electrolytic hydrogen. Hydrogen delivery is initially 
accomplished using vessel bundles and tube trailer trucks; later a pipeline infrastructure 
gradually develops to supply the most central locations. A CO2 equivalent level of below 20 
g/km is reached (well-to-wheels). A business analysis of the refuelling stations results in 
negative net present values by 2020 for all stations; by 2025, stations with high turnover 
partially achieve positive NPV. Applying subsidies, these values can be varied, but a 
degressive investment subsidy alone is not able to level out financial differences between 
stations with high and low turnover. 
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Techno-Economics of Distributed Generation and Storage 
of Solar Hydrogen 
Tim Cockerill, Marcello Contestabile, Imperial College London, UK 
Abstract  
For hydrogen to become a truly sustainable energy vector, low carbon generation 
technologies need to be developed and brought to market. Hydrogen from solar energy is a 
promising approach, capable, if successfully developed, of producing hydrogen from an 
abundant source with greatly reduced carbon emissions. 
At present fundamental research on a wide range of solar hydrogen technologies is being 
investigated, including thermal, biological and electrochemical methods. The techno-
economic properties of these technologies differ significantly. Some are best suited to large-
scale centralised applications, whereas others may be employed on a smaller scale as part 
of a distributed energy resource strategy. 
This work focuses on understanding the commercial potential of distributed generation and 
storage of hydrogen for stationary applications within a future energy system. Of particular 
interest is the combination of different generation approaches with appropriate storage 
technology and capacity. The choice of each depends on a number of factors, including 
electricity price fluctuations and the temporal mismatch between solar generation and 
demand profiles. 
Figure 1: Conversion pathways for solar energy. 
1 Energy Storage in a Low Carbon System 
Low carbon energy sources tend to be either intermittent (wind, PV, wave) or inflexible 
(nuclear). For a future energy system this is expected to make system balancing more 
difficult and UK electricity prices even more volatile than they already are. 
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A recent Monte Carlo simulation by Pöyry on a future energy scenario has resulted in periods 
of high electricity prices (> 1000 £ MWh-1), as well as periods of excess electricity, which has 
low or even negative prices as shown in Figure 3 (Cox, 2009). The price spikes are said to 
be necessary for plants with low load factors to be kept on the system to meet demand 
peaks. 
Given the potential for arbitrage between peak and trough prices, it appears interesting to 
question the role storage may play in such a future energy system. Despite over 3 decades 
of successful large scale storage applications in the UK and abroad, many of the future 
scenarios envisaged today do not consider storage as a significant part of the system. 
Instead, the ECCC recently stated that “[…] excess electricity could be channelled into 
domestic water and space heating thermal storage that would otherwise use gas''. (ECCC, 
2010) 
Hydrogen storage in particular has widely been dismissed as `too inefficient'. Schaber 
claims, when comparing storage technologies, that “[…] if all other considerations are equal, 
efficiency is paramount […]'' (Schaber, 2004). This is certainly true for limited and precious 
resources. But how important is efficiency, when we are dealing with `excess electricity', as 
seen in Figure 2? 
Figure 2: Monte Carlo simulation results of electricity prices in a 2030 UK energy scenario. 
Periods of electricity valued in excess of 1000 £/MWh contrast with negative dump 
load prices. (Cox, 2009) 
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2 Residential Storage 
Distributed solar generation tends to suffer from low capacity credit, since the time of 
generation does not coincide with peak demand. A conveniently storable form of energy 
would therefore be desirable. The benefit of such a storage pathway has been modelled 
based on the structure shown in Figure 3. Solar energy can be converted into electricity, heat 
or hydrogen. A time series of storage is built up from hourly generation and demand profiles. 
Introducing storage raises the utilisation and adds value by displacing grid supply.  
The best results have been achieved through a combination of all three forms of energy, 
suggesting that solar hydrogen may complement a highly renewable generation strategy. 
However the costs of local storage and conversion facilities are seen as prohibitive. Regional 
or national storage and distribution facilities are needed to support solar hydrogen 
generation. 
Figure 3: Model for temporally resolved energy flows in a residential application. 
3 UK Storage 
The model for a UK wide use of storage follows a similar basic principle to the residential 
model by building up a time series of generation resource and demand profiles. The choice 
of energy sources has been expanded to include wind, nuclear and a generic class of fossil 
fuel plants. Data for the wind and solar resource is based on historical data over the previous 
6 years, measured mostly in 1-hour intervals and interpolated to match the 30 min resolution 
of the National Grid energy consumption data. (National Grid, 2010; UK Meteorological 
Office, 2006) 
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 Figure 4: Extract of time series of generation and demand. At times of excess generation 
energy is stored. Once demand exceeds generation from the low carbon sources, 
stored energy is released back into the system. Data based on National Grid (2010); 
UK Meteorological Office (2006). 
Heat demand is not considered in this model, to allow direct comparison with pure electric 
storage pathways, such as batteries. In practice, inclusion of CHP applications may shift the 
results in favour of hydrogen storage. 
The dispatch order is kept deliberately simple, to avoid any technology bias arising from 
inaccurately estimated merit orders. Nuclear power is delivered as base load, which does not 
respond to demand. Solar power and wind are dispatched whenever possible or else stored, 
if storage is available. Should demand not be met by nuclear, wind and solar energy, stored 
energy is used. Fossil fuel plants only operate to meet the remaining demand (see Figure 4). 
In terms of merit order, this strategy could be described as highly carbon price dominated, 
but not necessarily economically or strategically optimal. 
The resulting time series for flows in and out of storage gives an indication of the 
characteristics that are desirable in a large-scale storage system. If run unconstrained (i.e. 
infinite storage capacity and power) the power and storage capacity that would ideally be 
available can be estimated. Further, some typical usage patterns can be established from 
FFT plots and a storage duration histogram.  
With the inclusion of costs for energy storage capacity and power, a solver finds the most 
cost effective storage configuration for any given generation mix (see Figure 5). The exact 
electricity prices a storage operator could negotiate in practice are the result of several 
complex factors that are beyond the scope of this study. Fixed electricity prices have 
therefore been assumed for off-peak periods and times when stored energy is released.  
It has been found that large scale storage, providing arbitrage services in an energy system 
with more than 30 GW of renewable energy, can be economically viable. For the production 
of solar hydrogen to be competitive at the residential level, is more challenging. Large 
installations and a dynamic operation, delivering electricity, heat or hydrogen, are required, 
whilst meeting ambitious manufacturing cost targets of less than 1$/Wp. 
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Figure 5: Example of optimum storage technologies for a range of system storage 
capacities and utilisation. 
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The Implementation of SAE J2601: Hydrogen Fuelling 
Protocol Guideline for Demonstration Projects 
Jesse Schneider, Proton Motor Fuel Cell GmbH, Germany 
Juergen Klugman, Adam Opel GmbH, Germany 
Bob Boyd, Linde Gas Company, USA 
Justin Ward, Toyota Motor Company, USA 
1 Scope 
The goal of this presentation is to describe the Technical Information Report SAE J2601, 
how it was developed and its intended implementation in hydrogen vehicle demonstration 
projects. 
The international SAE Fuel Cell Standardization and Interface team, who created this 
document, consisted of cross-industry representation of most of the major automakers, 
energy companies, laboratories and government hydrogen and fuel cell system suppliers. 
The implementation of hydrogen vehicles in the market necessitates having a universal 
fuelling protocol for all vehicles. The goal is to achieve a ‘customer acceptable’ fuelling, 
which means a full tank of hydrogen within a reasonable amount of time without exceeding 
the temperature, pressure and density (SOC) limits. However, fuelling performance may be 
limited by the pre-cooling capacity of the station dispenser. 
2 Industry-wide Fuelling Protocol 
SAE TIR J2601 establishes industry-wide fuelling protocol guidelines for the fuelling of 
gaseous hydrogen into on-road passenger vehicles operating with nominal working 
pressures (NWPs) of 35MPa and 70MPa. Fuelling stations should employ fuelling algorithms 
and equipment to conduct the fuelling process within these guidelines. Vehicles filled at 
stations using these protocols should be designed appropriately for fuelling according to 
these guidelines. SAE TIR J2579 provides guidance for qualifying the vehicle hydrogen 
storage system (HSS) for operation at specific nominal working pressures. 
This document establishes safety limits and performance requirements for gaseous 
hydrogen fuel dispensers. The criteria include maximum fuel temperature at the dispenser 
nozzle, the maximum fuel flow rate, the maximum rate of pressure increase and other 
performance criteria based on the cooling capability of the station’s dispenser. 
J2601 establishes fuelling guidelines for “non-communication fuelling” in the absence of 
vehicle communication and guidelines for “communication fuelling” when specified 
information is transmitted from the vehicle and verified at the dispenser. The process by 
which fuelling is optimized using vehicle-transmitted information is specified.  SAE TIR J2799 
(fig. 2) provides details of the communication data transmission protocol. 
This document applies to light duty vehicle fuelling for vehicles with storage capacity from 
1kg to 10kg for 70MPa and 1kg to 7.5 kg for 35MPa. It is intended to be revised in the next 
two years to include separate requirements for fuelling heavy duty vehicles and motorcycles, 
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and also for residential hydrogen fuelling appliances. Since there is a significant difference 
between the onboard storage capacity of heavy-duty and light-duty vehicles, the 
performance specifications could be different. 
Figure 1: Summary of fuelling interface standards and scope of current TIR J2601. 
The tables based approach in this document has been simulated by vehicle auto 
manufacturers and validated by independent laboratory and some preliminary field results. 
The tables give targets for pressure levels with a given ambient temperature, for non-
communications fuelling and start pressure to arrive at a high desired state of charge. 
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Figure 2: Overview of SAE J2799. 
This document applies to fuelling using an average pressure ramp rate methodology which is 
to be verified with a hydrogen dispenser test apparatus as defined CSA HGV 4.3. This 
document includes provisions for optional alternative communications fuelling protocols and 
is planned to be revised in the future to include specifications for additional fuelling 
processes to allow more freedom than the present document. New dispenser protocol 
proposals would need to be verified with data and experience demonstrating the fuelling 
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algorithm’s capability to operate within the constraints of the General Requirements for Fuel 
System (SAE J2579) and Interface (SAE J2600, J2799). 
3 Implementation of the Hydrogen Fuelling Guideline 
It is expected that this document will be used in conjunction with the CSA HGV 4.3 Hydrogen 
Dispenser Temperature Compensation Confirmation Report, which will to provide a test 
method and equipment specification for confirming that the performance of a fuel dispenser 
is consistent with the requirements of SAE TIR J2601. 
Figure 3:  Flow sheet of decision tree for each fuelling procedure. 
This document establishes a formal industry-wide fuelling guideline that supersedes all 
temporary guidelines informally established by non-ANSI-certified organizations, such as the 
vehicle manufacturer (OEM) document Fuelling Specification for 70 MPa Compressed 
Hydrogen Vehicles, Version A posted on the NextEnergy website and all CaFCP Fueling 
Protocols. It is understood, however, that other fuelling protocols that differ from the look-up 
table-based protocol specified in this document may be used when the station provider has 
a.) an agreement from a vehicle manufacturer that the protocol is appropriate for a particular 
vehicle system, and b.) a method of identifying the particular vehicle and limiting the protocol 
to that vehicle is utilized in the station design and operation. The intent is that developments 
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be brought to the SAE TIR J2601 team to enable modification of the document to allow for a 
more performance based approach for future revisions. The current document is table-
based, providing concise performance targets and dispenser performance specifications for 
both communicated and non communicated fills as shown in figure 3. 
This TIR is intended to evolve over time before it is standardized. The goal is to establish a 
protocol guideline in the initial publication and request industry to give feedback and 
improvement suggestions before standardizing in the 2011 timeframe. 
Depending on which dispenser type is chosen (classified by pre-cooling temperature 
capability), a relatively quick fuelling time and SOC can be achieved. In fact, the Department 
of Energy fuelling goals for the year 2015 were achieved with an ‚A-Type’ Dispenser. 
Recommendations will be made in the presentation as to which dispenser type would give a 
“customer acceptable” fuelling. 
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Fuel Provision for Early Market Applications 
Manfred Fischedick and Andreas Pastowski 
Abstract 
Early market applications of fuel cells need to be supplied with hydrogen, comprising 
production and distribution. Production of hydrogen can be based on a multitude of 
processes and energy carriers and can be assessed using criteria such as systemic 
requirements, economic efficiency, environmental sustainability, and user acceptability. 
While the long-term sustainable vision is based on renewable energy, cost considerations 
may be prevalent for early applications. Global production of industrial hydrogen is 
substantial, almost entirely based on fossil fuels and generally unavailable for other use. 
However, excess production capacity and by-product hydrogen and also the industrial 
hydrogen infrastructure might be used for the supply of limited volumes of hydrogen for early 
applications of fuel cells. Depending on the industrial structure, potential regional supply of 
industrial hydrogen varies. However, with growing demand and in order to put the long-term 
vision into practice, new supply from renewable source will need to be set up. 
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Integration of Fuel Cells Systems into Chlor Alkali Plants: 
The Chlorine Industry Perspective 
Alessandro Delfrate, UHDENORA S.p.A., Italy 
Carsten Schmitt, Uhde GmbH, Germany 
1 Introduction 
The chlor alkali industry has always been considered an important target for the fuel cells 
industry, mainly because it is an energy intensive process that produces big amount of high 
purity hydrogen as a side product. While fuel cells manufacturer have provided over the time 
their strategies on how to approach the chlorine market, few information are available from 
the chlorine industry perspective on the specific conditions that will facilitate the application of 
fuel cell systems in such specific industry. In this article, the specific characteristics of the 
chlor alkali industry will be discussed, highlighting the potential for fuel cells applications from 
the perspective of one of the most important engineering companies active in the field. 
2 The Chlor Alkali Industry 
The chlorine – caustic soda industry in one of the corner stone of the world chemistry, being 
those chemicals, directly or as intermediates, involved in more than 50% of the chemical 
industry. Chlorine, caustic soda and hydrogen are produced simultaneously throughout the 
electrolysis of a concentrated solution of sodium chloride, using three different technologies 
that have evolved with time: mercury cells, diaphragm cells and ion exchange membrane 
cells, being the latter the only technology commercialized today (Figure 1). The chlorine 
industry is a highly specialized industry, with very few technology licensors: UHDENORA of 
Milan, a joint venture between Uhde GmbH of Dortmund, Germany, and Industrie De Nora, 
Milan, Italy is one of the relevant players in this market. 
 
Figure 1 
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2.1 The numbers of the chlor alkali industry 
On a world basis, a capacity of approximately 68 million ton per year of chlorine production is 
today installed, achieved by a total of about 550 chlorine plants. Main chlorine producers are 
China (24 MTPY), Asia (11 MPTY), North and South America (13 MTPY) and Europe (10 
MTPY). 
Considering a 90% plant utilization factor, the associated hydrogen production is equal to 
approx 216 ton/h, for a total theoretical potential of approx. 3.2 GW electricity production. 
The total accessible market, however, is to be considered much smaller, since only the 
hydrogen that is vented to the atmosphere, thus at zero value, will be of interest during the 
initial phase of fuel cells applications; this market can be estimated at 400 MW – 600 MW, 
depending from the characteristics of the fuel cells considered. The hydrogen used as a 
chemical will never be accessible for other uses, while the hydrogen that today is burnt to 
produce steam may became available to fuel cells if the overall system price will allow 
interesting paybacks (1,2). 
2.2 The importance of fuel cells for the chlorine industry 
Electricity consumption is the key parameter to measure the competiveness of a chlorine 
plant, being electricity up to 60% of the variable production costs. With the most up to date 
electrolysis technologies, the electricity consumption can be considered close to the 
thermodynamic limit, leaving only a small space for further power savings. The two possible 
breakthrough toward the reduction of power consumption for the electrolysis are both related 
to the use of the hydrogen available in the plant: the first is through the so called Oxygen 
Depolarized Cathode technology, where additional oxygen is fed to the cathode and H2 is 
reduced to water inside the membrane electrolysers, with 30% of potential energy reduction, 
the second through the conversion of the hydrogen into electricity using fuel cells, with a 20% 
of potential electricity reduction(3). To be underlined that the recovery of hydrogen through 
ODC technology is already used by UHDENORA and Uhde for the electrolysis of aqueous 
solution of hydrochloric acid to chlorine, with a demonstrated energy saving of approx 30% 
with respect to the standard diaphragm electrolysis and a licensed capacity of more than 
330.000 ton of chlorine per year. 
2.3 Fuel cells for Integration in C/A plants 
UHDENORA, as system integrator, does not develop any proprietary fuels cells technology, 
rather is selecting from the industry the most promising products for this application. With the 
term “Integration”, we intend a fuel cell system that is completely embedded into the 
electrolysis process, installed inside or close to the cell room, built in full compliance with the 
safety regulations and with customers technical standards, with a balanced tradeoff between 
the maximum system simplification and its safe performances. Other approaches are 
possible, such as the installation of fuel cells running on purified hydrogen form the chlorine 
plant, and feeding the AC power to the grid, that can be considered a valid solution for some 
applications, but that will not allow the full exploitation of the available market. 
For an effective integration, the main characteristics requested to fuel cells are the following: 
1. Capability to operate on a 24/7, 320-350 days per year. 
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2. Base load operation, with slow load following capabilities (30% - 100%) 
3. Able to operate with industrial grade hydrogen 
4. Good resistance  to sudden shut down 
5. Easy monitoring of main parameters 
6. Minimum balance of plant provided by the fuel cell supplier for the  integration into the 
system 
7. High quality heat for possible CHP use (low pressure steam generation the best) 
All those characteristics have a direct impact with the overall system design, thus with the 
fuel cell system cost. As an example, few data are available on long term fuel cells 
performances in presence of the contaminants typical of the hydrogen from the chlorine 
plants (i.e. caustic soda or mercury). As a consequence, very high purity hydrogen is 
sometime requested, increasing the cost for the hydrogen purification section. A second 
example is the determination of the consequences of the number of shut down on the fuel 
cells durability: if complex systems are requested to properly manage such critical situations, 
the system complexity increases, as well as its costs. 
3 System Characteristics 
In the last four years, UHDENORA had designed and demonstrated a proprietary technology 
for the integration of fuel cells stacks and minimum balance of plant inside the electrolysis 
circuit of electrochemical plants, with direct connection to the DC bus bars of the 
electrolysers (4). The pilot system has the following main characteristics (Figure 2): 
Figure 2 
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1. Modular configuration to fit different plant sizes, capable to accommodate different 
fuel cells technologies 
2. Usage of DC power from fuel cells to reduce electrolysis power consumption 
3. Installation and maintenance without perturbing the chlorine plant production cycle 
4. Designed for installation inside electrolysis room 
5. Remote control and monitoring capabilities in environments characterized by strong 
EM noise 
It is to be underlined that most of the chemical companies have internal standards for 
equipment and materials, and all the fuel cell system equipment must be supplied 
accordingly. While standardization of performances is possible for most of the plants, 
standardization of equipment is more difficult to be achieved, and specific know how and 
experience is requested (5). 
4 Value Proposition and Cost Targets 
The payback time of the fuel cell system depends from the end use of the electricity 
generated: 
 DC power from fuel cells is directly used to reduce the DC power consumption for the 
electrolysis process. Main variables to be considered for the payback are the 
hydrogen value and the grid electricity price. 
 DC power from fuel cells is used to increase the chlorine plant capacity. This is of 
particular importance in areas where the grid capacity is already at the upper limit. 
Payback time depends also from the value of the extra production. 
 DC power from fuel cells is converted to AC and sent to the grid. Main variables are 
the hydrogen value and the grid electricity price. 
 
 
Figure 3 
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In Figure 3 the sensitivity analysis between fuel cell system capital cost versus price of grid 
electricity and hydrogen value is reported (Simple payback: 5 years, fuel cells system net 
efficiency 45%, heat recovery partially considered). It is to be noted that results can be 
substantially different depending from the technology considered (i.e. low temperature Vs 
high temperature fuel cells), in particular considering the associated operating costs. No 
subsidies or feed in tariffs have been considered in the calculations, since there are strongly 
dependant from the local supporting policies. 
As a reference, for investment in energy saving equipments, the average requested payback 
is approx. 3 years; only for particular projects that may involve additional advantages, such 
as green image or achievement of CO2 reduction targets, payback can be extended to over 5 
years. 
5 Commercialization 
As previously anticipated, the integration of fuel cells into chlorine plants presents unique 
advantages for an early adoption, such as: 
 Hydrogen is already available and with high purity 
 Fuel cells and chlorine industry speaks the same electrochemical language (low 
acceptance barriers)  
 Energy reduction is paramount to this highly competitive industry and the energy 
produced with fuel cells is 100% CO2 free, generating additional advantages for green 
image and plant eco efficiency. 
In spite of a such positive characteristics, only few demonstration projects have been 
deployed in the field in the last 10 years. This consideration alone should indicate that the 
market is not as easily accessible as it could be anticipated. 
To our knowledge, the majority of the fuel cells applications located into chlorine plants are 
based on the use of the available hydrogen to produce AC electricity to be fed to the grid. 
Some of these applications use the hydrogen available to test on a large scale fuel cells 
technologies for transportation, or to improve fuel cells performances and for cost reduction. 
We believe that for a successful fuel cells application, a deep knowledge of the chlorine 
industry needs and the associated dynamics is necessary: ignoring the rules of this market is 
very dangerous, and companies who have tried different approaches have already 
disappeared. 
From a system integrator perspective, a number of information are still missing from the fuel 
cells industry, such as performances in presence of specific contaminants (both at the anode 
and at the cathode side), and durability data under the typical operating conditions of a 
chlorine plant. All those issues can be technically resolved at balance of plant level, but the 
associated increase of complexity will increase the overall costs, further limiting the total 
accessible market. 
A second important step to commercialization will be the availability of commercial 
guarantees from fuel cell system suppliers. Today, depending from the fuel cells technology, 
it is still difficult to consider guarantees in line with industrial expectations. As an example, 
the electrolysers membranes can have a typical guarantee of 4 years, and fuel cell 
components must have guarantees in line with those values. 
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6 Conclusions 
1. The chlorine industry is a real opportunity for fuel cells, upon satisfaction of the 
specific industrial requirements for the application. 
2. The chlorine industry is not the “Nirvana” for fuel cells applications, but is a tough 
market that needs specific competence to be approached. 
3. In the last years, the fuel cells industry seems to focus mainly on small size systems, 
far from the megawatt size and ruggedized applications needed for the chlorine 
industry. 
4. The chlorine industry represents an unique application, where the energy savings 
opportunities are linked to CO2 emissions reduction, making the application 
interesting for corporate and policy makers. 
References 
[1] Roads2HyCom, Fuel Cells and Hydrogen in a Sustainable Energy Economy. Doc. N. 
R2H8500PU.6. 8 April 2009. 
[2] EuroChlor, Chlorine Industry Review, 2008-2009, 
http://www.eurochlor.org/upload/documents/document352.pdf 
[3] John Moorhouse, Modern Chlor Alkali Technology, Vol 8, Blackwell Science Ltd, ISBN 
0-632-05559-6 
[4] R.L. Santorelli, A. Schervan and A. Delfrate Energy Production from Hydrogen Co-
Generated in Chlor Alkali Plants by the Means of PEM Fuel Cells Systems, CHEMICAL 
ENGINEERING TRANSACTIONS, Volume 12, 2007, ISBN ISBN 88-901915-4-6 
[5] Uhde Chlor Alkali Technical Brochure http://www.uhde.eu/cgi-
bin/byteserver.pl/archive/upload/uhde_brochures_pdf_en_10.00.pdf 
Proceedings WHEC2010 432
Hydrogen Refuelling Station Hamburg HafenCity 
Daniel Hustadt, Oliver Weinmann, Vattenfall Europe Innovation GmbH 
1 Project Concept and Objectives 
Decoupling the growing road traffic and the related greenhouse gas emissions demand a 
major effort by research, OEMs as well as oil and energy companies. Above all the reduction 
of CO2-emissions is a growing need for climate protection. Bio fuels can help to reach those 
targets, however the available sources are not sufficient to guarantee a sustainable supply. 
Battery Electric Vehicles are today limited technically with regards to range and weight and 
will most likely be used in metropolitan regions. 
In this project the necessary infrastructure to refuel buses and cars of a bigger fleet will be 
installed. Doing so the prerequisite for using fuel cell based cars and buses as an alternative 
way of mobility is developed. The capability of new components for the productions, storage 
and distribution of larger amounts of hydrogen is shown. Additionally still existing potential 
optimizing on a technical and operational level shall be made available. Ultimately the 
possibilities of using electrolysers for levelling alternating feed in from wind power will be 
looked at in a first step. 
2 Description of the Project 
The project Hydrogen Refuelling Station HafenCity Hamburg is a joint project between 
Vattenfall Europe and a competent partner with knowledge on the field of hydrogen refuelling 
and retailing. Being part of the lighthouse project Clean Energy Partnership (CEP) this 
station has been granted funding within the National Innovation Program hydrogen and Fuel 
Cell Technology (NIP). 
The HafenCity Hamburg is one of the biggest inner city development projects in Europe. 
Already today the HafenCity project is internationally recognized with regards to urban 
development and quite popular with tourists. The planning standards to be fulfilled by the 
constructors conform to highest standards and the energetic concept of the area is unique. 
Amongst others Vattenfall operates the district heating plant and a molten carbonate fuel cell 
in the heart of HafenCity Hamburg. 
The Hydrogen Refuelling Station will be located at the east entry of the HafenCity Hamburg 
and face to face with the new headquarter of the publisher Spiegel. This place guarantees a 
high visibility and attractiveness for the relatively new hydrogen application for transport 
purposes. Also the place is a good choice, because of the good accessibility for third users 
within the city centre. 
The project is divided into two phases. In phase one it is projected to service 10 buses and 
10 cars. In the second phase from 2013 onwards the number of buses will be increased to 
20 and the number of cars to more than 20. 
The main properties of the new supply infrastructure are the following components and 
services: 
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 A daily capacity of max. 750kg 
 At least 50% of the hydrogen will be produced by on-site electrolysis. The 
electrolysers will produce hydrogen in a high purity to be consumed in the vehicle’s 
fuel cells. The used electricity is from proven renewable sources provided by 
Vattenfall. In this case it is possible to service the cars and buses of the first phase 
only with the hydrogen produced by the electrolysis. 
 A special challenge is the fact that the station is located at a highly frequented place 
and in an urban zone. The station is a part of a small group of public stations in the 
world. To have a supply guarantee the production plant is build on in a modular 
structure with multiple electrolysers and two state of the art compressors. This system 
allows servicing a part of the bus fleet during a malfunction of a component. 
 The rest of the hydrogen demand will be delivered from external sources yet to be 
determined by tendering. This could be by-product hydrogen or green hydrogen form 
wind-power in dedicated projects. The demand for delivered hydrogen is about 
approx. 120,000 kg annually when reaching peak load in 2013. The mixture between 
on-site electrolysis and delivered hydrogen ensures high flexibility and also test the 
daily delivery of hydrogen to a station. 
 A special feature of this pure hydrogen refuelling station is location of the production 
and conditioning of the hydrogen. It will be located in a two story building covering all 
the existing ground area. Future hydrogen refuelling stations which will be integrated 
stations might benefit from the experiences gained at this project. A technical 
challenge is the interacting of the components in a limited space. 
 A major aim is to adjust the hydrogen production according to a certain level of power 
production from wind. For this purpose, the hydrogen refuelling station will be applied 
with wind power profiles to gain experiences from the alternating production 
properties of the electrolysers and the whole system. The electrolyser will have to 
follow a wind power profile of generated electricity by wind power in dedicated tests. 
This feature plays a big role in integrating fluctuating wind power in the energy 
system. Through this regulation the transmission net can be relieved and more wind 
power can be integrated. For this purpose the control system of the plant is designed 
in a way so it is possible to upload real wind profiles into the system and adjust the 
performance of the electrolyser. 
Proceedings WHEC2010 434
Table 1: Technical data. 
Hydrogen production by electrolysis Approx. 355 kg/day (equal with 14,8 kg/ hour) 
Delivered hydrogen Approx. 355 kg/day when fully expanded (20 buses 
2013) 
Total hydrogen demand Max. 750 kg/day 
Storage capacity tanks (gaseous) Medium pressure tanks: max. 500 kg, 
High pressure tanks: max. 300 kg:  
Σ: max. 800 kg 
Production hydrogen 3 electrolysers with 60 Nm³/h each 
Compression on storage pressure 2 ionic compressors from Linde 
Number of buses 
Beginning from end of 2010 
10 
Number of buses 2013 20 
Number of cars 2011 20+ 
Number of cars  2013 40+ 
Planned operating time 2010 to 2017 
 
 The storage of hydrogen for the refuelling of the buses takes place in pressure 
vessels in several pressure stages. The highest pressure stage works at around 
900 MPa. This pressure allows that the hydrogen can overflow to the buses. The 
same applies for cars which can be refuelled at 35 or 70 MPa. 
 The station will be one of the first stations offering the SAE standard for refuelling of 
70 MPa-vehicles. A -40° C precooling will be available for the 70 MPa-refuelling of 
passenger cars. 
 The hydrogen refuelling station is designed as a self service station. A card-reader-
system allows that all CEP-members can use the station. The station has a video 
monitoring and a remote monitoring system to guarantee the technical and 
operational safety. 
 The cost of total € 7.5 Mio are funded with 48% within the NIP program. 
 The commissioning of the hydrogen station HafenCity is planned for the second 
quarter of 2011. 
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Figure 1: Artist view of the hydrogen station HafenCity Hamburg. 
(Copyright: www.dilight.com) 
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The Hydrogen Valley within the Ruhr Metropolis 
Volker Lindner, Emanuel Grün, Frank Nosczyk, Jens W. Kuhlmann, 
h2-netzwerk-ruhr, Germany 
1 The Ruhr Metropolis 
The Ruhr Metropolis is due to the organically grown energy-technical and chemical 
structures from the past as a mining location the first address for fuel cells and hydrogen. 
And it is in demarcation of the mining past just the focus on the regenerative, the renewable, 
the lasting that characterizes this metropolitan area in Europe. 
The region has about 5.2 million inhabitants and a population density of 1.220 inhabitants per 
km². About 60 million people are accessible in the vicinity of a three-hour driving time; in the 
vicinity of 500 kilometers 40 percent of the EU population are living. No other region in 
Germany is traffic-technically so systematically accessible like the Ruhr Metropolis. 
Figure 1: The Ruhr Metropolis – central metropolitan area in Europe. 
A large part of the electricity and heat consumed in Germany is generated in the Ruhr 
Metropolis. Due to the necessity to move the energy supply of the future towards climate 
friendly technologies, the Ruhr Metropolis is therefore in a forerunner position. Since the 
production of regenerative electricity is increasing and more and more included in the world’s 
energy supply structure and so the electric energy changes from a secondary energy source 
to a primary energy source, one must also think about suitable storage procedures. One of 
the possibilities favored at present is the electrolysis of water and the storage of the 
produced hydrogen. 
RUHR METROPOLIS 
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2 The Energy Carrier Hydrogen 
Today hydrogen in the Ruhr Metropolis is produced primarily by steam reformation of natural 
gas (“brown hydrogen”), one of the biggest reformers in Europe is located in the chemical 
park Marl in the north of the Ruhr Metropolis. As actual sources for by-product hydrogen 
large-scale technical chlorakali electrolyses are available in the Ruhr Metropolis in Marl and 
Rheinberg. 
 
Figure 2: Chemical park Marl – location of one of Europes biggest reformers and starting 
point of 230 km pipeline network. 
The discontinuation of hydrogen production from fossil energy sources by climate protection 
purposes and also the shortage of resources will make new sources for the entry into a 
hydrogen economy necessary, the first projects are already in place in the Ruhr Metropolis: 
So-called “green hydrogen” is won by the use of regenerative electricity in combination with 
water electrolysis, the gasification of biomass, the reformation of digester gas and the 
hydrogen production by algae. 
There are projects in which green hydrogen is produced in Bottrop (waste water treatment 
plant of the Emschergenossenschaft) and Herten (wind power electrolysis in the Application 
Centre and biomass gasification in the Blue Tower) complemented with research in the areas 
of algae and chemical cyclic processes. 
In the waste water treatment plant in Bottrop the originating digester gas which contains 
primarily methane is fed into a steam reformer after cleaning and the produced hydrogen is 
used in a nearby school in a hydrogen CHP unit. 
The electrolysis which will be operated in the Application Centre H2Herten uses locally 
generated wind power for the splitting of water in hydrogen and oxygen. The so won very 
pure hydrogen is very well suitable for the application in fuel cells, as for example in the 
project HYCHAIN MINI-TRANS, a demonstration project of small vehicles in the northern 
Ruhr Metropolis. 
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Figure 3: Waste water treatment plant in Bottrop – source of green hydrogen. 
The Blue Tower, presently under construction in Herten, is a gasification plant in which 
locally harvested biomass is converted to a hydrogen rich gas. 
With hydrogen production through algae different research groups in the Ruhr Metropolis are 
dealing. At the university of Bochum a research department purely on this topic has lately 
been established, but also at the university Duisburg-Essen and the university of applied 
science in Bottrop academic groups are working on this topic. 
In company research another way of regenerative hydrogen production is under 
development: AEI Europe in Herten deals with chemical cyclic processes which generate 
hydrogen from water by use of iron oxides. 
Generally it is assumed that in 2030 “green hydrogen” will overtake "brown hydrogen" in 
production. 
The Ruhr Metropolis already today has an exceptionally dense and variable regenerative 
hydrogen production structure and is worldwide competitive here. 
3 Distribution of Hydrogen 
Because of the grown structures between coal, steel and chemistry in the Ruhr Metropolis 
big experiences in dealing with technical gases like hydrogen are already present. All big gas 
providers like Air Liquide, Air Products and Linde are of course residents here. 
The distribution of hydrogen is guaranteed in the complete Ruhr Metropolis. This happens 
with industrial customers by the use of a pipeline network which branches out from the 
northern Ruhr Metropolis on a total length of 230 km. The supply of smaller end users is 
done through hauling. There are hydrogen filling stations in the Ruhr Metropolis in Bottrop, 
Gladbeck and Herten. 
The filling station in Bottrop will be able to deliver filling pressures of 200 and 350 bar and will 
be the first in Germany at which vehicles can be refueled with locally generated regenerative 
hydrogen. 
Proceedings WHEC2010 439
4 Stationary Fuel Cell Applications 
Stationary applications like UPS, storage and reconversion of regenerative energy and CHP-
units are produced and operated in the Ruhr Metropolis. 
b+w Electronic Systems from Oberhausen and Idatech from Herten are active for a long time 
already in the field for stationary UPS for mobile communication systems. 
This is one of the areas which are looked at as "Early Market", so as an entrance market for 
the introduction to the mass market. 
5 Mobile Fuel Cell Applications 
"HYCHAIN-MINI TRANS" is one of the leading projects of the European Union in which 24 
European partners take part. The purpose of the project is the introduction of hydrogen as an 
alternative fuel on the base of innovative fuel cell vehicles. The northern Ruhr Metropolis is 
as well as the regions of Rhônes-Alpes (F), Emilia Romagna (I) and Castilla y Léon (E) to 
four European model regions in which the fuel cell technology is developed and tested in five 
vehicle types. Since May 2009 the first vehicles are already on the roads here. 
Figure 4: Fuel cell midibus in the project HYCHAIN-MINI TRANS. 
The northern Ruhr Metropolis serves not only as a region in which the hydrogen vehicles are 
tested, but also two vehicle suppliers as well as the hydrogen supplier for the whole project 
are seated here: In Gladbeck Hydrogenics which equips electric coaches with a modern fuel 
cell drivetrain has its seat, in Herten Masterflex Brennstoffzellentechnik develops and 
produces innovative load bicycles, so-called Cargobikes, and Air Liquide Deutschland has 
established a worldwide unique hydrogen-filling station in the chemical park in Marl for the 
high-pressure (up to 700 bar) cartouches with which a large part of the vehicles is equipped. 
Hydrogenics also equips forklift trucks and other carrier vehicles with fuel cell drivetrain. This 
is also one of the areas which are looked at as "Early Market". 
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6 Science and Research 
Workgroups at the universities Bochum, Dortmund and Duisburg-Essen as well as at the 
universities of applied science of Bochum, Dortmund and Gelsenkirchen are active in the 
area of fuel cell and hydrogen technology in the Ruhr Metropolis. This research density is 
raised even further by the activities of renowned Fraunhofer-, Leibniz- and Max-Planck-
Institutes.Apart of basic research this dense network also covers all adjoining subject fields - 
from hydrogen production to application. 
With the centre for fuel cell technology (ZBT) in Duisburg another hotspot of the national 
research scenery is located in the Ruhr Metropolis. The Duisburg institute, settled directly on 
the university campus, is continuously developing since its foundation in 2001 and herewith 
documents its steady competence increase. 
A technical center was opened in 2008 for production and inspection engineering at the ZBT. 
Currently more than 70 employees devote themselves comprehensively in all relevant fields 
of research to the subject fuel cell and hydrogen.  
These fields of research are Gas process technology, Fuel cell and system technology, 
Electrochemistry and layer technology, Quality assurance and inspection, Microsystems and 
fluid mechanics, Hydrogen and batteries and Production engineering. The PBT at the ZBT is 
also the only German accredited testing laboratory for fuel cells and components. 
Already in 2001 the energy institute of the university of applied science of Gelsenkirchen, 
which also deals with the future subject hydrogen, was founded. It serves as a partner and 
interchange for the collaboration between science and industry. The purpose of the work in 
Gelsenkirchen is the optimisation of modern energy systems taking into account a eco-
friendly energy use. In this context the future technologies around hydrogen play of course a 
central role. 
7 h2-netzwerk-ruhr 
The Ruhr Metropolis wants to take a central role for the fuel cell and hydrogen technology for 
the future and distinguishes itself along the whole value added chain by enterprises and 
research. 
The h2-netzwerk-ruhr is the umbrella which stretches over all these activities and represents 
the Ruhr Metropolis nationwide and internationally in strong partnership with North Rhine-
Westphalia, Germany and the EU. 
Feel invited to participate in our future! 
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Revamping of Existent Chlor-alkali Plants for Conversion 
of Hydrogen to Electricity, Hydrogen Community 
Germination Step 
Iordache Ioan, Patularu Laurentiu, Iordache Mihaela, The National R&D Institute 
for Industrial Ecology – ECOIND, Rm. Valcea, ROMANIA 
Alessandro Delfrate, UHDENORA SpA, Italy 
Abstract 
The transition towards hydrogen becoming widespread in future energy systems and may be 
one of the greatest social and technical challenges facing society. A wide range of 
stakeholders will need to work together over extended periods of time to make the 
sustainable hydrogen “vision” a reality. Community-based projects are seen as a route to 
stimulate the start of the transformation, leading to more widespread early adoption of these 
new technologies. 
Valcea have premises to develop some local projects in order to become a Hydrogen 
Community. This “Community” fulfils both an economic-technical background and a 
scientifically potential. 
1 Hydrogen Community 
Hydrogen is an indispensable co-product of the chlorine production process. Hydrogen can 
convert chlor-alkali technology into a more efficient one and may save a certain amount of 
energy. EU-27 chlorine producers know as Euro Chlor, want to increase recycling and re-use 
of hydrogen gas from 80% (2001) to 95% by 2010, difficult to achieve, into the opinion of 
many. The companies improved their utilization rate, others however did not, and this has 
had a negative influence on the consolidated result [1]. The fuel cell stationary applications 
are one of the additional efforts necessary in order to achieve 2010’s goal. 
A Hydrogen Community refers to an early adopter of Hydrogen and Fuel Cell technologies, 
having the potential to lead to a coordinated, larger-scale adoption of such technologies 
within a coherent end-user grouping. Although, the specific costs of current prototype 
PEMFCs are still high, large cost reduction potentials are expected during the next years 
which shall enable mass penetration of this technology into several markets. Various small 
and large industrial enterprises worldwide are developing commercial PEMFC systems and 
preparing their market introduction. First prototype applications are tested in pre-commercial 
applications together with prospective future customers [2]. 
Revamping of existent chlor-alkali plants (92 into Europe) for conversion of hydrogen to 
electricity is a germination step in order to growth up a Hydrogen Community. 
In practice, other types of hydrogen communities could be regions, cities, remote locations 
(such as islands), self-contained entities (airports, seaports, industrial complexes, etc), or 
distributed entities (hydrogen highways, etc). 
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In a Hydrogen Community, hydrogen plays a significant role in the community as an energy 
vector. A Hydrogen Community may evolve out of, or in parallel to, large demonstration 
projects. Possible cluster activities within the Community can include fundamental or applied 
research and demonstration projects that feed new technology into the Community. 
For a lot of East European country where exists regions with a strong technology or 
manufacturing base, but with declining industries, a chlor-alkali plant could regenerate itself 
by becoming a centre for hydrogen technology. This could create jobs and bring money into 
the local economy. In the longer term, it could allow the region to establish itself as a major 
innovator/manufacturer of hydrogen technologies. As a technology that is new, and is 
expected to become very significant, hydrogen represents an attractive option for regional 
growth. 
Existent chlor-alkali plants with municipalities and authorities form an important base of 
Hydrogen Community early adopters. The revamping of existent chlor-alkali plants project 
will represent an useful tool as early adopter: establishing a database of potential technology 
demonstrations; characterizing these early adopters in terms of their drivers and capacities, 
enabling conclusions to be drawn regarding key success factors; studying relevant policy 
measures, and drawing conclusions on critical points for the future in terms of general 
policies and regional cluster development in hydrogen and fuel cells; give an overview of the 
technologies, planning establishing and running a project, monitoring its success, financing 
and exploitation, etc. 
For the commercialization of hydrogen and fuel cells, it is essential that the immature 
technologies are able to be demonstrated in real world conditions. This is also crucial from 
the point of view of the technologies gaining public acceptance. Developing of this type of 
revamping project, for example, could be national or on a private individual basis. The 
concept of a community, as an end user, is very promising. 
Communities can support hydrogen and fuel cell industries. Hydrogen and fuel cells is novel 
developing technologies and many regions are interested in claiming some value in the area 
of the technology supply chain – from research to manufacturing and distribution. 
Communities are trying to develop ‘clusters’ where a number of hydrogen technology-related 
organizations are geographically localized, and are able to benefit from being close to one 
another. This is seen as a way to promote regional innovation, and contributes to the 
development of hydrogen technologies. 
Depending on its specific circumstances, there are a number of reasons why communities 
could be stakeholders in hydrogen projects. Expertise in cutting-edge technologies like 
H2&FCs might improve the competitiveness of local firms, or generate new high value 
organizations. New clusters combining competences on energy, transportation and services 
may emerge. Aside from business and economic growth the community as a whole would 
benefit via learning processes and strengthened cooperation between different actors in the 
field of high-technology (universities, research institutes, public actors etc.). The community 
would acquire eco-innovative credentials which later on could attract new investments and 
funding. 
Some towns, cities or regions have a strong economic dependency on industries that are 
now in clear decline. Engaging with a growth industry like hydrogen can offer a chance to re-
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invigorate a local economy. This could mean manufacturing hydrogen technologies, 
producing hydrogen from a local energy source, or expanding research facilities. Apart from 
providing platforms for new industries in hydrogen and fuel cell technologies, these 
technologies could affect existing industries. In the first place they could replace older 
technologies such as batteries and small combustion engines. Services are also likely to be 
needed to facilitate the introduction of a hydrogen economy. These include specialized 
financial services, insurance, logistics, shipping, truck transportation, retail, surveillance and 
overhaul and maintenance. Furthermore, hydrogen and fuel cell technologies can be the 
technological platform for developing totally new services such as energy storage. Some 
regions might prefer to promote such service industries instead of traditional industrial 
manufacturing. 
2 Premises for a Hydrogen Community at Rm. Valcea, Romania 
1. In November 2004, the Romanian Ministry of Education and Research promoted the 
Sectorial Plan of Research & Development which aims are the support of Romanian 
economy competitiveness and the preparing of integrating in the European research 
space and accessing EU. Developing a Hydrogen and Fuel Cells R&D Integrated 
Platform was one of the Sectorial Plan projects. The financial support, of 325,000 
euro, is provided by the Ministry of Education and Research 250,000 Euro, and by 
the partners themselves 75,000 euro.  The platform, managed by National R&D 
Institute for Cryogenics and Isotopic Technologies ICIT Rm. Valcea, it is networking 
nine R&D organizations acting in the area of Hydrogen and Fuel Cells in Romania, in 
order to develop the Romanian capabilities in this domain and to reach the level 
permitting the connection with the European HFP. Leader of the Consortium: ICSI 
Ramnicu Valcea H2-FC (PEMFC) RD&D, members: National R-D Institute for 
Electrical Engineering-Advanced Research, ICPE-CA, Bucharest, National R-D 
Institute for Materials Physics, Bucharest-Magurele, National R-D Institute for Isotopic 
and Molecular Technologies - ITIM, Cluj-Napoca, National R-D Institute of Technical 
Physics - IFT, Iasi, Petroleum and Gas University, Ploiesti, University Politehnica 
Bucharest, ZECASIN SA Bucharest, ICEMENERG SA Bucharest. 
2. OLTCHIM is one of the biggest Romanian chemical companies end one important 
chlor-alkali east-European producer, established in 1966 with the name of Chemical 
Works Ramnicu Valcea, by Minister Council Decision 1046/26.05.1966. The erection 
has begun in July 1966. The first plant, Mercury Cells Electrolysis, was commissioned 
on 28 July 1968. In 1990, by Government Decision 1213/20.11.1990, based on the 
Law 15/1990, the Chemical Works Ramnicu Valcea turned into a joint-stock 
company, called OLTCHIM S.A. 
3. Ministry of Industry (now Economy) from Romania and World Bank has done a study 
that explores six Romanian companies where it could be located fuel cell plants. 
Consulting firm, hired by above mentioned institutions, concluded that the most 
attractive location is a OLTCHIM S.A., it can produce hydrogen for capacities greater 
than 3MW [3]. 
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4. The integration of fuel cells into electrochemical plants is a method for the direct 
connection of fuel cells to electrolysers of electrochemical plants producing hydrogen 
as a by-product. The by-product hydrogen is fed to the fuel cells and the electric 
energy thereby produced is transferred to the electrolysers, with the consequent 
saving of the overall energy consumption. The direct coupling avoids the need for 
DC/AC converters or voltage adjusters and may be affected either in series or in 
parallel. In the latter case the fuel cell are assembled in modules, the number and 
voltage of which is regulated by means of interrupters activated by a computerized 
control and supervision system. As an alternative, the voltage of the modules may be 
varied by varying the pressure of the air fed to the fuel cells.  
One of the earliest markets applications are using of fuel cells for recovering hydrogen from 
industrial chlor-alkali processes (electrolysis process) [4]. 
UHDENORA and OLTCHIM SA have contacts for the installation of the first industrial fuel 
cell plant at the OLTCHIM’s chlor-alkali production site at Ramnicu Valcea, Romania. One 
similar application, 120 kW, was installed at a sodium chlorate production plant, Caffaro 
Chimica, Brescia, Italy. This industrial installation represents a successful step in the 
development and commercialization of the green energy [5]. 
The goal of this project was to produce clean electricity by using the hydrogen co-generated 
in the electrolytic process [6]. 
Fuel cell reality premise: 
 around 84 stationary fuel cell systems with hydrogen have been installed all over the 
world. Some of them have an high installed power, 125 or 250 kW, but the biggest 
majority provide power between 1 and 5 kW,  
 Uhdenora and Caffaro have installed and started up of the first industrial fuel cell 
system for electricity production and savings in the electrochemical industry, Caffaro 
Chimica, Brescia, Italy. 
 Chlor-alkali reality premise: 
 the recycled or re-used hydrogen produced by the chlor-alkali plants was less than 
90% in 2006 and the target will not exceed 95% in 2010, 
 at each tone of chloride is produced 28 kg (310 Nm3) of hydrogen, 
 the world chloride capacity was estimated to approximate 60 million metric tons. 
3 Conclusions 
The term ‘Hydrogen Community’ refers to early adopters of hydrogen and fuel cell 
technology, who have the potential to become large scale adopters. Cities, regions, islands, 
and industrial zones are examples of potential hydrogen communities. 
Communities are important for the commercialization of H2&FC technologies: providing 
willing consumers, developing H2 infrastructure, developing production of H2. 
Communities may be interested in adopting H2&FC technology, as it can offer: innovation 
and growth, publicity, prestige, branding, a solution to local air quality, reduced CO2 
emissions, and practical advantages over existing technologies. 
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The aim of this presentation is to point out some ideas about research state of the art and 
trends into, hydrogen, fuel cell and chlor-alkali, and the possibility utilizes both, technical 
improvements for environmental protection and European scientifically mechanisms, in order 
to develop a Hydrogen Community at Rm. Valcea, Romania. 
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